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AI. though  a consistent  and  relatively  successful  theoretical  and 
empirical  framework  has  been  developed  for  understanding  seismicity  , 
near  lithospheric  plate  boundaries,  earthquakes  occurring  within 
these  boundaries  remain  a little  understood  phenomenon.  Intraplate 
earthquakes  arc  less  common  than  seismic  events  in  active  tectonic 
regions,  but  they  are  known  to  reach  large  magnitudes.  The  fact  that 
propagation  of  seismic  energy  is  more  efficient  in  at  least  some 
intrapxate  regions  coupled  with  the  general  Jack  of  engineering 
precautions  against  the  occurrence  of  nearby  earthquakes  in  these 
regions  dramatically  increases  the  potential  destructiveness  of  a 
large  intraplate  event.  In  addition  to  the  implications  for  seismic 
hazard  evaluation,  the  genera],  lack  of  knowledge  concerning  intra- 
plate seismicity  makes  discrimination  of  such  events  from  nuclear 
explosions  very  difficult.  The  problem  which  this  study  addresses  is 
therefore  to  correlate  what  is  known  about  intraplate  seismicity,  and 
to  apply  old  and  new  research  techniques  to  this  study  in  order  to 
develop  a better  understanding  of  the  characteristics  of  the  events. 


General  Method 


In  order  to  circumvent  the  limitations  placed  on  studies  of  intraplate 
seismicity  by  the  infrequent  occurrence  of  such  earthquakes,  data  from 
sources  outside  of  seismology  must  be  incorporated  and  evaluated  in  a 
study  such  as  this  one.  Collection  and  synthesis  of  information  from 
precise  leveling,  theoretical  geomechanics,  sea  level  observations, 
geomorphology,  photogeology,  the  sedimentary  record,  igneous  activity 
and  faulting  have  been  undertaken.  Several  literature  reviews  on 
related  subjects  have  been  completed.  A complete  data  set  of  elevation 
change  measurements  for  the  eastern  United  States  has  been  prepared  in 
cooperation  with  the  National  Geodetic  Survey.  This  leveling  data  has 
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been  used  to  provide  valuable  information  on  vertical  crustal  movements 
in  the  eastern  United  States.  Theoretical  computations  have  been  used 
to  derive  physical,  models  of  the  forces  which  may  be  responsible  for 
these  leveling  derived  movements.  The  study  group  in  photogeology  has 
obtained  and  analyzed  ERT5  (now  LANDSAT)  and  SKYLAB  photographs  of 
Eurasia  and  the  United  States.  Special  U-2  missions  have  been  flown 
to  provide  detail*  i coverage  of  regions  of  particular  interest  in  the 
United  Staes.  Mapping  of  photo  features  has  been  integrated  with 
available  seismic  fault  plane  solutions,  seismicity  patterns,  and  jiti 
situ  stress  measurements.  Field  excursions  were  undertaken  to  verify 
and  identify  features  indicated  in  aerial  photographs  of  the  eastern 
United  States,  as  well  as  to  investigate  areas  of  particular  interest 
as  suggested  by  leveling  and  seismic  studies. 

In  addition  to  the  detailed  research  concerning  the  eastern  United 
States,  considerable  effort  has  been  directed  at  another  intraplate  region, 
China.  In  attempting  to  study  the  seismicity  of  intraplate  regions  one  finds 
that  mainland  China  is  ideally  suited  for  this  type  of  investigation 
because  of  its  relatively  high  seismic  activity  and  large  number  of 
destructive  earthquakes.  In  addition,  the  recorded  history 'of  Chinese 
earthquakes  goes  back  much  farther  than  any  other  area  in  the  world,  thus 
making  China  the  best  location  for  the  study  of  time  variations  earthquake 
activity.  Seismicity  maps  covering  various  time  periods  and  magnitude 
ranges  have  been  made.  The  use  of  the  ERTS  imagery  and  geomorphology 
permit  one  to  determine  recent  crustal  movements  and  to  better  define 
the  tectonic  structure  of  China.  Based  on  the  ERTS  imagery,  Quaternary 
faults  in  China  have  been  mapped.  Study  of  individual  earthquake  series 
and  their  aftershocks  were  carried  out  in  order  to  define  fault  trends  ana 
to  investigate  the  space,  time,  and  magnitude  variations  along  these  zones 
of  weakness.  Such  studies  will  help  to  determine  the  cause  of  the  larger 
earthquakes  such  as  the  1966  series  near  Using- t:’ai  in  an  area  that  vjas 
previously  thought  to  be  seisuically  inactive. 

In  order  to  evaluate  the  generality  of  the  conclusions  reached  in 
the  detailed  research  concerning  the  eastern  United  States  and  China, 
results  of  similar  studies  in  other  regions,  particularly  in  Japan,  Europe, 
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and  tlie  Soviet  Union,  were  examined  so  that  any  fundamental  relationships 
common  to  all  areas  can  be  discerned  and  contrasts  understood. 


Technical  Resul ts 

Our  efforts  toward  understanding  normally  a seismic  regions  with  an 
integrated,  interdisciplinary  approach  have  focused  on  two  geographic 
areas,  with  specific  programs  under  each: 

(1)  Eastern  United  States 

(a)  Cretaceous  and  Cenozolc  faults  and  their  relation  to  known  seismicity 

(b)  regional  synthesis  of  vertical  movements  from  releveling  data 

(c)  comparisons  of  releveling  data  and  tide  gauge  measurements 

(d)  local,  studies  where  rclevel  j.ng  data  suggests  possible  near-surface 
fault  movements 

(c)  possible  systematic  errors  in  releveling 

(2)  China 

(a)  using  ERTS  imagery  and  seismicity  data  to  study  seismotectonics 

(b)  relocating  events  in  a earthquake  swarm  to  determine  the  fault 
plane. 

(c)  Quaternary  faulting  in  Taiwan 


Cret aceous  and  Cenozoic  faulting  in  easier n Nor 1 1 1 America: 


Summary 


Because  Cretaceous  and  Cenozoic  faulting  occurred  after  the 
last  major  tectonic  event  in  eastern  North  America,  such  faulting  was 
produced  in  a normally  aseismic  region.  Seismic  data  accumulate  slowly 
in  such  regions,  so  data  on  faulting  are  valuable  for  understanding 
intraplate  tectonics.  Dating  fault  movement  usually  depends  on  the 
presense  of  Cretaceous  and  younger  sediments  or  features  such  as  glacial 
striations.  Because  such  sediments  are  absent  from  most  of  eastern  North 
America,  intraplate  surface  faulting  is  probably  much  more  abundant 
than  reported  here  (see  Appendix  A).  Furthermore,  there  have  not  been 
systematic  field  investigations  for  such  faulting  except  in  small  areas. 
The  known  distribution  of  the  faulting  shows  some  correlation  with 
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seismic  regions  such  as  the  central  Mississippi  River  valley  and  the 
Appalachians.  However,  some  faults  occur  in  areas  with  virtually  no 
historic  seismicity,  implying  that  caution  should  be  used  in  applying  the 
historic  record  to  clctcrnixnc  future,  scisr’ic  . / • 


'decent  Vertical  Crustal  Movements  in  : 3SSBMZ 


Leveling  data  collected  by  the  National  Geodetic  Survey  have  been 
used  to  construct  regional  and  local  profiles  of  apparent  vortical 
crustal  movement  in  the  eastern  United  States.  These  profiles  have 
been  found  to  correlate  with  geological  structure,  suggesting  that 
these  structures  may  represent  areas  of  crustal  instability.  Large 
regions  of  the  eastern  15. S.  scorn  to  exhibit  coherent  patterns  of 
vertical  crustal  movement;  for  example,  the  Appalachians  are  presently 
rising  with  respect  to  the  coastal  areas,  the  Atlantic,  and  Gul  f Coastal 
Plains  are  subsiding  relative  to  the  continental  interior,  and  the 
central  U.S.  is  tilting  down  tov?ard  the  east.  See  Appendix  B for  further 


discussion. 


Rec en t Vertical  Crustal  Movements  from  Leveling.  anA.Aea.j^^ 


Alone  the  East  Coast  of  the  _,N-  S .•  JLjjuiiV ’?JT£- 


Sea  level  measurements  indicate  relative  vertical  crustal  movements 


in  the  Atlantic  coastal  regions.  Comparisons  of  sea  level  measurements 
with  leveling  results  were  used  to  investigate  possible  error  sources  in 
the  two  methods.  Differences  in  sea-level  measurements  between  separate 
locations  may  indicate  possible  short-term  crustal  movements  (i.e. 
periods  on  the  order  of  100  years).  In  spite  of  the  inherent  uncertainties 
in  both  sea  level  and  leveling  results,  vc  find  that  the.  apparent  crustal 
movements  indicated  by  these  methods  probably  reflect  real  earth  movements 
and  provide  important  information  on  the  tectonic  processes  operating  in 
the  eastern  U.S.  The  results  of  this  study  are  presented  more  fully 
in  Appendix  C.  Although  this  region  is  called  "aseismic",  these  results 
indicate  that  it  is  far  from  being  "inactive". 
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Fmilt  Movement  and  Leveling,  Data:  Summary 

When  near  surface  faults  suffer  displacement  V7ith  a sign  Lficant  vei  Llcal 
component  (due  either  to  earthquakes  or  gradual  slip),  one  would 
expect  to  see  relatively  .steep  tilts  in  the  surface  deformation  pattern 
derived  from  repeated  levelings  across  active  faults. 

One  of  the  most  striking  examples  in  the  leveling  data  of  the  eastern 
United  States  which  resembles  fault  displacement  was  noted  in  western 
Kentucky,  just  inside  the  Mississippi  Embayinent.  After  a detailed  study 
of  the  data  and  the  region,  it  was  concluded  that  a fault  here  is  indeed 
a plausible  explanation  of  the  anomalous  movement  seen  in  the  leveling 
data.  See  Appendix  D for  a detailed  discussion  of  these  results. 

The  Refraction  Error  in  Precise  Leveling : Summary 

Changes  .in  the  index  of  refraction  of  light,  caused  mainly  by  changes 
in  air  temperature,  may  cause  systematic  errors  in  leveling.  Comparisons 
of  two  levelings  with  different  errors  will  result  in  apparent,  but  unreal, 
vertical  movements.  Because  our  work  is  in  part  concerned  with  leveling 
data,  the  possible  effect,  of  such  an  error  was  investigated  theoretically. 
Preliminary  results  with  simple  temperature  gradients  suggest  that  this 
error  is  not  significant,  but  all  possible  temperature  gradients  have 
not  been  investigated  thoroughly.  See  Appendix  E for  a detailed  discussion 
of  these  results. 

Seismicity  and  Quaternary  Faulting  in  China:  Summary 

With  newly  made  mosiacs  of  LAKDSAT  (formerly  ERTS)  imagery  of  China, 
criteria  were  developed  to  distinguish  lineaments  on  the  imagery  that 
probably  represent  Quaternary  faults.  By  analysis  of  LAKDSAT  imagery, 
large  strike  -slip  faults  in  western  China  were  noted  for  the  first  time. 

Both  the  map  of  faults  and  newly  compiled  seismicity  maps  show  a change 
in  tectonics  from  eastern  to  western  China.  As  has  been  previously  proposed, 
il  appears  that  the  tectonics  in  western  China  are  dominated  by  the  effects 


of  the  collision  of  the  India  and  Eurasia  plates.  A tnosiac  of  small  plates, 
as  has  been  proposed  for  some  other  regions  of  diffuse  seismicity,  is  not 
apparent  for  China.  As  in  some  other  intraplate  areas,  Paleozoic  mountain 
ranges  still  have  minor  seismicity  associated  with  them.  Detailed  discussion 
on  the  seismoteetonics  of  China  is  in  Appendix  F. 

Investigation  of  the  1966  Earthquake  Series  i.n  Northern  China  Using  the 
Method  rf  .Join'  Ep  i c enter  Pete r m i ns t ion  : Summary 

A series  of  destructive  earthquakes  occurred  in  northern  China  during 
March  1966  in  an  area  with  no  previous  instrumentally  located  seismicity. 
Examination  of  LAND SAT- I imagery  revealed  evidence  of  recent  surface  faulting 
in  this  and  other  nearby  regions  of  northern  China.  The  method  of  "Joint 
Epicenter  Determination"  (JED)  was  used  to  relocate  the  epicenters  of  the 
earthquakes.  These  locations,  along  with  published  fault  plane  solutions, 
historical  earthquake  records,  and  LANDS AT- 1 imagery  are  in  very  good 
agreement  with  the  published  field  investigations  that  reported  the  earth- 
quakes to  have  occurred  along  a large  right-lateral  strike-slip  fault  ton  . 
The  sense  of  motion  on  this  strike-slip  feature  appears  to  be  related  to  an 
extensional  stress  system  oriented  NNW-SSE  in  the  region  of  the  Shansi 
Graben  and  the  North  China  Plain.  Details  of  this  report  are  in  Appendix  G. 

Quaternary  Faulting  in  Eastern  Taiwan:  Summary 

Several  recent  hypotheses  suggest  that  the  intraplatc  seismicity  within 
China  is  related  to  the  tectonic  activity  along  nearby  plate  boundaries.  One 
poorly  understood  nearby  plate  boundary  lies  in  Taiwan.  There  has  been 
conflicting  evidence  on  what  type  of  boundary  this  is.  Whether  two  plates 
converge  here  or  slide  by  one  another  might  change  the  predicted  stress 
pattern  within  China.  Therefore,  geologic  field  work,  partially  supported 
by  the  AFOSR,  was  undertaken  in  Taiwan  to  help  resolve  this  problem.  A 
detailed  report  is  attached  as  Appendix  II.  The  main  conclusion  is  that  there 
has  been  a complicated  combination  of  convergent  and  strike-slip  motion  in 
Taiwan  over  at  least  the  past  raw  million  years. 
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CRETACEOUS  AND  CENOZOIC  FAULTING  IN  EASTERN  NORTH  AMERICA 

James  E.  York 
Jack  E.  Oliver 

Department  of  Geological  Sciences 
Cornell  University 
Ithaca,  New  York  14853 

ABSTRACT 

Observations  of  Cretaceous  and  Cenozoic  faulting  in  eastern  North 
America  provide  evidence  of  modest  intraplate  tectonic  activity  in  this 
region.  Thrust  and  gravity  faults  are  found;  strike-slip  movement  is 
not  demonstrable  but  could  have  occurred  in  some  cases.  Fault  movements 
are  dated  by  offset  Cretaceous,  Tertiary,  and  Quaternary  sediments, 

Cretaceous  kimberlites,  and  Pleistocene  glacial  striations.  Observed 
Cretaceous  and  Cenozoic  displacements  range  from  about  1 mm  to  several 

tens  of  meters.  The  faults  are  found  in  the  central  Mississippi  River 
valley,  the  southeastern  United  States,  the  northeastern  United  States, 
and  eastern  Canada.  Correlations  between  historic  seismicity,  fault  plane 
solutions,  and  the  Cretaceous  and  Cenozoic  faulting  in  the  central  Mississippi 
River  valley  and  the  southeastern  United  States  suggest  a close  causal 
relationship.  The  quality  of  the  correlation  between  historic  seismicity 
and  Cretaceous  and  Cenozoic  faulting  in  the  northeastern  United  States 
and  eastern  Canada  varies  considerably  from  area  to  area,  and  hence  the 
relation  there  between  Cretaceous  and  Cenozoic  faulting  and  contemporary 
seismotectonics  is  uncertain. 

Sharp  offsets  in  loosely  consolidated  sediments,  the  presence  of 
slickensides  and  fault  gouge,  and  the  involvement  of  Precambrian  or 
Paleozoic  bedrock  provide  the  best  evidence  that  faulting  was  associated 
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tectonic  earthquakes.  The  displacement  of  near-surface  deposits 
implies  t surface  faulting  has  occurred,  although  it  has  not  been 
documents  for  modern  earthquakes  in  eastern  North  America.  In  at  least 
some  cases  displacements  have  occurred  along  pre-existing  faults.  The 
number  and  amounts  of  Cretaceous  and  Cenozoic  movements  on  each  fault 
has  not  been  determined,  but  in  at  least  one  case  the  short  time  span 
available  for  movement  suggests  that  an  earthquake  of  about  magnitude 
6 was  associated  with  the  displacement.  The  largest  Cretaceous  and 
Cenozoic  displacements  must  represent  more  than  one  movement. 

The  presence  of  both  thrust  and  gravity  faults  and  the  inconsistent 
trends  of  the  faults  imply  that  stresses  that  vary  spatially  and/or 
temporally,  rather  than  a single  stress  field  acting  steadily  throughout 
the  entire  North  America  plate,  are  responsible  for  causing  this  intra- 
plate tectonic  activity.  Key  words:  faults,  seismotectonics . intraplate 

tectonics,  eastern  North  America. 

INTRODUCTION 

Several  large  earthquakes  have  occurred  in  eastern  North  America 
during  the  past  few  hundred  years.  They  include  the  1663  St.  Lawrence 
Valley  earthquake  (maximum  Modified  Mercalli  Intensity  X,  Smith,  1962), 
the  1811-1812  series  of  earthquakes  near  New  Madrid,  Missouri  (maximum 
intensity  XII,  Fuller,  1912),  the  1886  Charleston,  South  Carolina  earth- 
quake (maximum  intensity  X,  Dutton,  1889),  and  the  1929  earthquake  near 
the  Grand  Banks  of  Newfoundland  (magnitude  7,  Smith,  1966).  Many  smaller 
but  sometimes  damaging  shocks  have  also  been  felt  (Fig.  1).  Eastern 
North  America  does  not  include  a major  plate  boundary,  and  simple  plate 
tectonics  theory  does  not  account  for  deformation  in  the  interior  of 
the  North  American  plate.  Thus  this  area  and  some  other  intraplate 


areas  are  in  that  sense  anomalous,  and  should  be  studied  to  provide 
a basic  understanding  of  the  earthquake  phenomenon  there. 

Because  the  seismicity  of  eastern  North  America  is  not  high,  con- 
ventional seismological  data  such  as  the  space-time-magnitude  relation- 
ships of  earthquakes  and  their  focal  mechanisms  accumulate  slowly;  hence 
other  sources  of  information  are  especially  valuable.  A complementary 
source  of  information  is  the  geologic  evidence  for  prehistoric  earth- 
quake activity.  This  geologic  evidence  consists  mainly  of  observation 
of  Cretaceous  and  Cenozoic  faulting,  the  subject  of  this  paper. 

None  of  the  faults  discussed  here  can  be  considered  as  major 
tectonic  features  during  the  Cretaceous  and  Cenozoic.  The  San  Andreas 
fault  system  in  southern  California  has  had  displacements  totaling  nearly 
300  km  since  late  Miocene  time  (Crowell,  1973).  The  faulting  discussed 
here  is  minor  in  comparison.  However,  in  the  absence  of  such  large 
active  faults  in  eastern  North  America,  the  Cretaceous  and  Cenozoic 
faulting  represents  a non-trivial  record  of  crustal  movements  in  an 
intraplate  area. 

PREVIOUS  INVESTIGATIONS 

Previous  investigations  of  seismotectonics  in  eastern  North  America 
have  attempted  to  relate  contemporary  tectonics  to  Paleozoic  and  Mesozoic 
tectonic  features  (Woollard,  1958,  1969;  Fox,  1970),  to  stress  measure- 
ments (Sbar  and  Sykes,  1973),  to  releveling  measurements  (Bollinger, 

1973a;  Brown  and  Oliver,  in  preparation),  and  to  seismic  wave  travel 
time  anomalies  (Fletcher  and  others,  1974).  Oliver  and  others  (1970) 
summarized  the  occurrences  and  possible  causes  of  post-glacial  faulting 
in  the  northeastern  United  States  and  eastern  Canada. 

Few  authors  have  dealt  with  the  relationship  between  surface  faulting 


and  earthquakes  in  eastern  North  America  for  several  reasons.  Firstly, 
there  have  been  no  reported  cases  of  surface  faulting  during  historic 
earthquakes  in  this  region,  except  for  some  gravity  faulting  in  uncon- 
solidated sediments  during  the  New  Madrid  earthquakes.  Secondly,  there 
are  no  known  major  faults  with  evidence  of  large  scale  movements  since 
the  Triassic.  In  more  seismically  active  regions,  such  as  California, 
instances  of  surface  faulting  during  historic  earthquakes  and  abundant 
evidence  for  Quaternary  movement  on  major  faults  have  led  to  extensive 
studies  that  help  elucidate  the  tectonics  of  these  regions  (for  example, 
Allen  and  .others,  1965). 

During  the  course  of  geological  investigations,  several  authors 
have  found  evidence  for  Cretaceous  and  Cenozoic  faulting  in  eastern 
North  America  (for  example,  see  Fig.  2).  Their  reports,  plus  the  success 
of  studies  correlating  faults  and  seismicity  in  other  regions,  prompted 
the  present  field  and  literature  search  for  Cretaceous  and  Cenozoic  fault- 
ing. 

DESCRIPTION  OF  FAULTING 

Data  on  known  occurrences  of  exposed  examples  of  Cretaceous  and 
Cenozoic  faulting  in  eastern  North  America  is  summarized  with  the  approp- 
riate references  in  Table  1 and  Figure  3.  At  each  locality  lifted  in 
Table  1 there  is  only  a single,  usually  manmade,  exposure.  The  faults 
usually  cannot  be  traced  unambiguously  over  long  distances  because  of 
the  lack  of  a modern  fault  scarp  or- lack  of  differential  erosion  along 
the  faults.  To  be  included  in  Table  1,  the  fault  must  have  been  found 
by  either  a geologist  who  reported  the  fault  in  the  available  literature 
or  the  authors.  This  qualification  usually  implies  that  the  fault  must 
be  exposed  and  must  have  occurred  near  the  ground  surface.  In  addition. 
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the  fault  must  offset  rocks  or  other  features  datable  as  Cretaceous 


or  younger.  Thus  there  very  likely  are  large  numbers  of  faults  in 


eastern  North  America  with  Cretaceous  and  Cenozoic  movement  that  are 


not  included  in  Table  1. 


Evidence  for  Cretaceous  and  Cenozoic  faulting  that  would  not  qualify 


a fault  for  entry  in  Table  1 comes  from  reports  of  faults  based  on  fault 


plane  solutions  for  earthquakes  (Street  and  others,  1974),  seismic 


reflection  profiles  (Jacobeen,  1972),  projected  abrupt  changes  in 


Cretaceous  or  Cenozoic  stratigraphy  as  well  log  data  might  indicate, 


escarpments  (Fisk,  1944),  lineations  on  aerial  photography  (Fisk,  1944) 


or  satellite  images  (Withington,  1973),  and  other  more  speculative 


criteria.  Some  of  these,  especially  the  fault  plane  solutions,  may 


represent  Cretaceous  or  Cenozoic  faulting,  but  we  include  here  only  cases 


where  fault  displacement  has  been  observed  and  do  not  include  cases  based 


on  interpretation  of  other  data. 


The  gravity  faults  of  the  Gulf  Coastal  Plain  are  also  not  included 


even  though  some  such  faults  are  thought  to  have  minor  earthquakes  and 


surface  movement  associated  with  them  (Fisk,  1944,  p.  33;  Kehle,  1970) 


These  are  growth  faults  and  do  not  seem  to  apply  directly  to  the  problem 


of  why  large  earthquakes  occur  in  eastern  North  America.  Gravity  faults 


exposed  only  in  unconsolidated  sediments  are  also  not  included,  as  such 


faults  may  be  the  result  of  local  slumping. 


Some  characteristics  of  the  faults  described  in  Table  1 suggest 


that  an  earthquake  was  associated  with  fault  movement,  although  there 


is  no  archeological  or  historical  evidence  to  suggest  that  movement  on 


any  of  the  faults  discussed  here  occurred  during  historic  earthquakes. 


Firstly,  observations  that  most  of  the  faults  form  sharp  dislocations  in 


unconsolidated  sediments  (for  example,  Fig.  4)  suggest  that  a sudden 
movement  caused  the  offset.  If  the  displacements  were  the  result  of 
creep  on  a fault  in  the  bedrock,  a wider  and  more  disordered  zone 
would  probably  be  formed  in  the  unconsolidated  sediments  above  the 
bedrock.  Sec  sndly,  it  can  be  seen  that,  in  most  cases,  the  fault  is 
observed  to  cut  Paleozoic  or  Precambrian  bedrock.  These  observations  show 
that  the  faults  are  not  limited  to  the  near-surface  unconsolidated  sediments. 
These  two  characteristics  suggest,  but  do  not  prove,  that  the  fault  dis- 
placements observed  at  the  surface  resulted  from  the  rapid  upward 
propagation  of  faulting.  It  appears  reasonable  to  assume  that  an  earth- 
quake accompanied  this  faulting. 

Another  characteristic  of  many  of  the  Cretaceous  and  Cenozoic  faults 
is  the  presence  of  fault  gouge  and  slickensides.  While  gouge  and  slicken- 
sides  are  also  characteristic  of  many  known  earthquake  faults,  they  are 
not  conclusive  evidence  in  support  of  the  association  of  earthquakes 
with  movements  on  the  Cretaceous  and  Cenozoic  faults.  They  are,  however, 
suggestive  of  this  association. 

It  Is  desirable  to  distinguish  between  tectonic  earthquakes  and  those 
caused  by  gravity-driven  mass  movements  such  as  landslides.  Landslides 
commonly  include  gravity  faulting,  and  thrust  faulting  may  occur  at  the 
toe  of  a landslide.  However,  there  is  no  evidence  in  the  present  landscape 
to  suggest  that  landslides  caused  any  of  the  faults  in  Table  1,  and  involve- 
ment of  the  bedrock  is  further  evidence  against  this  association  in  some 
cases.  Therefore,  most  of  the  faults  in  Table  1 probably  represent 
tectonic  effects. 

Assuming  that  earthquakes  were  associated  with  movements  on  the 
faults,  very  rough  estimates  of  the  magnitudes  of  these  earthquakes  could, 
in  principle,  be  made.  Since  we  have  no  estimates  of  the  lengths  or 


depths  of  the  faults,  we  can  deal  only  with  displacements.  Bonilla  and 
Buchanan  (1970)  developed  a relationship  between  magnitude  and  maximum 
fault  displacement  based  on  historic  earthquakes  with  measured  ground 
surface  displacements  and  known  magnitudes.  Most  of  these  earthquakes 
occurred  in  areas  of  higher  seismicity  than  that  of  eastern  North  America, 
but  let  us  assume  their  relationship  applies  to  this  area  as  well.  For 
thrust  faults,  they  find  average  surface  displacements  of  about  3 m for 
a magnitude  8 earthquake,  1 m for  a magnitude  7 earthquake,  and  0.5  m 
for  a magnitude  6 earthquake.  They  also  find  that  surface  displacements 
are  usually  not  observed  for  earthquakes  with  magnitudes  less  than  6, 
although  this  observation  could  be  caused  by  difficulty  in  detecting 
small  surface  displacements.  Because  one  magnitude  7 earthquake  is 
probably  more  destructive  than  two  magnitude  6 earthquakes  at  the  same 
locality,  the  determination  of  the  number  and  amounts  of  movements  that 
caused  the  displacements  listed  in  Table  1 is  of  considerable  significance 
Unfortunately,  there  are  usually  no  data  on  the  number  and  amounts  of 
movement.  Although  some  of  the  displacements  listed  in  Table  1 may 
represent  just  one  movement,  the  larger  ones,  several  tens  of  meters, 
probably  represent  more  than  one  movement,  because  such  large  displace- 
ments are  rarely  associated  with  single  earthquakes. 

At  the  second  Drewrys  Bluff  locality  (Fig.  A)  of  Table  1,  surface 
faulting  of  0.6  m during  a short  interval  in  the  Cretaceous  can  be 
demonstrated.  Here  faulted  Cretaceous  sediments  of  silt,  sand,  and  peat 
are  . overlain  by  unfaulted,  or  at  least  much  less  offset,  Cretaceous 
conglomerate.  This  relationship  indicates  that  faulting  occurred  contempo 
raneously  with  sedimentation  and  at  the  surface.  There  was  about  one 
half  meter  of  fault  movement  between  the  deposition  of  the  sand,  silt, 
find  peat  and  the  deposition  of  the  conglomerate.  This  movement  could 


well  have  occurred  in  one  earthquake*  in  which  case  the  displacement 
of  about  one  half  meter  suggests  the  earthquake  had  a magnitude  of 
about  6.  For  the  other  faults  in  Table  1,  the  ages  of  fault  movements 
cannot  be  bracketed  by  such  a short  time  span. 

IMPLICATIONS  FOR  CRETACEOUS  AND  CENOZOIC  TECTONICS 

In  order  to  study  only  intraplate  tectonics,  the  effects  of 
faulting  in  eastern  North  America  that  were  associated  wit.i  the  initial 
opening  of  ocean  basins  must  be  avoided.  The  initial  opening  of  the 
Atlantic  Ocean  is  dated  as  late  Triassic  and  early  Jurassic  along  most 
pf  eastern  North  America  (Pitman  and  Talwani,  19/2);  hence,  Cretaceous 
and  Cenozoic  tectonic  activity  in  this  region  can  be  classified  as 
intraplate  tectonics.  The  rifting  in  the  Baffin  Bay-Labrador  Sea  area 
and  along  east  Greenland  is  dated  as  Cretaceous  and  Tertiary  (Pitman  and 
Talwani,  1972).  For  this  reason  reported  Cenozoic  faults  in  west  Greenland 
(Koch,  1929)  are  not  included  in  this  study;  these  faults  displace 
Tertiary  basalts.  The  age  and  mechanism  of  formation  of  the  Gulf  of 
Mexico  and  the  Mississippi  Embayment  is  less  certain  than  those  of  the 
above  two  regions.  However,  the  major  faulting  associated  with  the 
formation  of  the  Mississippi  Embayment  can  be  dated  as  post-Carboniferous 
and  pre-Cretaceous  (King,  1951);  hence  the  Cretaceous  and  Cenozoic  faulting 
there  can  be  classified  as  intraplate  faulting. 

The  most  recent  movements  on  the  faults  described  here  can  usually 
be  dated  only  as  younger  than  faulted  Cretaceous,  Tertiary,  or 
Pleistocene  sediments.  For  the  faults  listed  in  Table  1 only  at  the 
Drewrys  Bluff  locality  described  above  can  a lower  limit  to  the  age  of 
faulting  be  found.  Thus,  although  all  the  faulting  described  in  Table  1 
represents  Cretaceous  and  Cenozoic  tectonic  activity,  the  precise  time 
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of  faulting  may  be  quite  different  for  different  faults. 

The  Cretaceous  and  Cenozoic  faults  provide  information  on  several 
aspects  of  intraplate  teutonics  in  eastern  North  America.  The  first  is 
the  question  of  whether  new  faults  are  being  formed  in  rocks  of  pre- 
Cretaceous  age  or  whether  old  faults  are  being  reactivated.  Fox  (1970) 
reported  that  most  earthquakes  in  eastern  North  America  occur  in  areas 
with  known  faulting,  although  the  age  of  faulting  can  usually  be  dated 
only  as  Paleozoic  or  younger.  Page  and  others ( 1968)  have  suggested 
that  minor  seismic  activity  along  the  New  Jersey-New  York  border  may  be 
associated  with  the  Ramapo  fault,  a Triassic  graben  border  fault.  At 
two  localities  in  Table  1 the  faults  can  be  shown  to  be  reactivated  faults, 
because  the  displacement  in  the  bedrock  is  greater  than  the  displacement 
in  the  overlying  Cretaceous  and  younger  sediments.  The  first  locality 
is  near  Greenwood,  Virginia,  whre  the  fault  occurs  in  a major  shear  zone 
(Nelson,  1962)  that  is  Paleozoic  in  age.  The  second  locality  is  Pumpkin 
Hollow,  New  York.  Here  and  at  most  other  postglacial  fault  localities 
described  by  Oliver  and  others  (1970)  the  faults  occur  along  cleavage 
surfaces  of  slates.  Offsets  of  small  scale  banding  at  Pumpkin  Hollow 
and  also  at  Halifax,  Nova  Scotia  (Oliver  and  others,  1970)  show  that 
the  fault  had  previous  displacements  larger  than  those  of  the  scarps. 
Another  case  of  a reactivated  fault  is  reported  to  be  near  Smithland 
in  western  Kentucky  (Rhoades  and  Mistier,  1941)  but  is  not  included  m 
Table  1 because  the  fault  plane  is  not  exposed.  At  the  Smithland  locality, 
about  300  m of  vertical  movement  is  indicated  by  changes  in  elevation  of 
rock  units  across  a northeast-southwest  trending  fault,  and  only  40  to 
50  m of  this  movement  is  Cretaceous  or  younger.  At  most  localities  in 
Table  1 the  limited  extent  of  exposed  bedrock  does  not  provide  sufficient 
information  to  determine  whether  the  fault  is  new  or  reactivated,  but  it 
is  possible  that  all  of  the  faulting  in  Table  1 occurred  along  preexist- 
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ing  faults. 

The  second  aspect  of  intraplate  tectonics  about  which  the  Cretaceous 
and  Cenozoic  faulting  gives  evidence  is  the  state  of  stress  in  part  of 
the  North  American  plate.  Sbar  and  Sykes  (1973)  summarized  data  from 
in  situ  stress  measurements  and  from  earthquake  fault  plane  solutions. 

They  find  evidence  for  east  to  northeast  trending  horizontal  compressive 
stresses  higher  than  would  be  expected  from  the  lithostatic  load,  over 
an  area  from  west  of  the  Appalachian  orogenic  belt  to  the  middle  of  the 
continent  and  from  southern  Illinois  to  southern  Ontario.  Within  the 
Appalachians  they  do  not  find  consistent  trends.  Using  many  more  fault 
plane  solutions,  Street  and  others  (1974)  find  a complicated  stress 
pattern  in  the  central  United  States.  The  data  on  Cretaceous  and  Cenozoic 
faulting  do  not  show  a consistent  direction  of  maximum  compressive  stress 
axes  for  Cretaceous  and  Cenozoic  time  in  the  part  of  eastern  North  America 
covered  by  the  data  (Fig.  3).  Thus,  to  whatever  extent  surface  faulting 
is  indicative  of  crustal  stress,  the  data  discussed  here  indicate  that 
the  stress  system  causing  intraplate  seismicity  has  varied  spatially  or 
temporally  or  both. 

The  faulting  may  also  provide  information  on  contemporary  tectonics. 

In  more  seismically  active  regions,  such  as  California,  a fault  which  has 
not  moved  since  the  Cretaceous  may  often  be  considered  as  having  no  relation 
to  contemporary  tectonics.  However,  in  eastern  North  America,  earthquakes 
which  occurred  in,  say,  the  early  Tertiary  are  just  as  much  a mystery  as 
modern  earthquakes.  Understanding  this  paleoseismicity  may  be  helpful 
in  understanding  contemporary  tectonics,  because  both  represent  intraplate 
tectonic  activity.  Before  discussing  the  relation  o the  faults  in  Table  I 
to  contemporary  tectonics,  two  cases  of  faulting  that  may  not  be  related 
to  the  present  tectonic  regime  will  be  mentioned.  Firstly,  the  faults 


that  offset  Cretaceous  kimberlites  (dated  by  Zartman  and  others,  1967) 
may  be  associated  with  stresses  that  were  active  only  near  the  time  of 
intrusion.  The  second  case  is  that  of  the  postglacial  faults  described 
by  Oliver  and  others  (1970).  These  postglacial  faults,  which  are  in 
the  northeastern  United  States  and  eastern  Canada,  usually  occur  along 
the  cleavage  surfaces  of  slates,  have  small  displacements,  usually  less 
than  a few  centimeters,  and  are  numerous.  The  field  data  on  these  post- 
glacial faults  appear  to  favor  expansion  of  the  rocks  and  subsequent 
rotation  of  the  cleavage  planes  as  the  cause  of  faulting  (Oliver  and 
others,  1970).  This  expansion  might  have  been  caused  by  removal  of  the 
late  Pleistocene  ice  load  (Lawson,  1911).  Although  there  is  some  seismicity 
in  the  region  where  these  postglacial  faults  occur  in  the  Appalachian 
Foldbelt,  modern  seismicity  is  virtually  absent  near  similar  occurrences 
in  western  Ontario.  The  varying  quality  of  the  correlation  of  these 
faults  with  historic  seismicity  suggests  that  the  deformation  is  complete, 
although  Sbar  and  Sykes  (1973)  do  report  cases  of  deformation  of  ma  i-made 
structures  in  New  York  State  ar.d  surrounding  areas  that  indicate  the 
continued  presence  of  high  stresses.  Thus  the  relation  of  these  post 
glacial  faults  to  contemporary  seismotectonics  is  still  an  open  question. 

The  remainder  of  this  discussion  is  limited  to  two  regions,  the 
central  Mississippi  River  valley  and  the  southeastern  United  States, 
where  the  correlation  of  Cretaceous  and  Cenozoic  faulting  with  modern 
seismicity  is  better.  Both  region'-  ha  e experienced  moderate  seismic 
activity  in  historic  time  (Fig.  1 , 'and  ;ome  trends  of  seismicity  in 
these  regions  may  be  seen  (Fig.  1).  A first  glance  at  Figure  1 reveals 
that  small  earthquakes  occur  throughout  most  of  the  eastern  North  America. 
However,  most  of  the  larger  earthquakes  occur  along  certain  trends.  One 
trend  is  along  the  Appalachian  foldbelt.  A parallel  trend,  without 


apparent  tectonic  control,  appears  from  the  head  of  the  Mississippi 
Embayment  to  the  St.  Lawrence  Valley.  Cross  trends  are  seen  in  the 
northeastern  United  States-eastern  Canada  area  and  in  South  Carolina. 
Minor  cross  trends  are  present  in  the  Mississippi  Embayment  region  and 
in  Virginia.  In  the  following  sections  the  trends  of  the  faults  will 
be  compared  with  the  seismic  trends,  with  trends  of  major  pre-Cretaceous 
fault  zones  and  with  fault  plane  solutions. 

Central  Mississippi  River  Valley 

Historically,  the  central  Mississippi  River  valley  has  been  one 
of  the  most  seismically  active  areas  in  eastern  North  America  (Fig.  1). 
The  data  on  the  Cretaceous  and  Cenozoic  faulting  in  this  region  (Fig.  5) 
suggest  that  this  high  activity  had  been  characteristic  of  this  region 
earlier  in  Cenozoic  time  also.  This  suggestion  is  based  on  three  observa 
tions.  Firstly,  the  density  of  Cretaceous  and  Cenozoic  faults  in  this 
region  is  greater  than  in  other  areas  of  comparable  size  which  are  also 
covered  with  Cretaceous  and  younger  sediments.  Secondly,  the  magnitude 
of  displacement  on  some  of  these  faults  is  much  greater  than  on  most 
Cretaceous  and  Cenozoic  faults  in  other  parts  of  eastern  North  America. 
Thirdly,  some  post-Cretaceous  tilting  of  sediments  and  formation  of 
clastic  dikes  can  be  dated  as  pre-Pleistocene  (Rhoades  and  Mistier, 

1941). 

Most  of  the  faults  shown  in  Figure  5 are  only  seen  to  involve 
unconsolidated  sediments  and  hence  cannot  be  shown  to  be  continuations 
of  faults  in  the  basement.  However,  there  are  at  least  two  cases  where 
the  consolidated  Paleozoic  sediments  are  also  involved  in  the  faulting. 
The  first  fault  is  at  the  Benton,  Missouri  locality  (Table  1).  This 
fault  is  not  exposed  but  is  based  on  well  logs  from  3 wells  drilled  by 
three  different  drilling  companies  (Grokskopf,  1955).  In  each  well  a 
sequence  of  Cretaceous  and  Ordovician  sediments  overlies  another 


sequence  of  Cretaceous  and  Ordovician  sediments.  This  relationship 
indicates  that  a thrust  fault  is  present  between  the  two  sequences. 
Assuming  that  the  three  fault  locations  determined  from  the  well  data 
represent  the  same  fault,  one  obtains  an  east-west  trending  fault  with 
a 1 degree  dip  to  the  south.  This  extremely  low  dip  suggests  that  the 
assumption  of  one  fault  is  in  error  and  that  two  or  three  faults  are 
present.  The  second  fault  that  involves  Paleozoic  rocks  trends  north- 
east near  Smithland  in  western  Kentucky  (Rhoades  and  Mistier,  1941)  and 
is  discussed  above.  Mateker  and  others  (1968)  also  mention  a northeast 
trending  fault  that  cuts  Paleozoic  and  Cretaceous  rocks.  Therefore, 
although  some  of  the  faults  described  in  the  Mississippi  Embayment  could 
be  only  surficial  faults  in  unconsolidated  sediments,  at  least  some 
represent  extensions  of  faults  from  Paleozoic  rocks  into  younger  sediments. 

There  are  no  major  fault  zones  known  in  the  Cretaceous  and  younger 
sediments  of  the  Mississippi  Embayment,  but  major  fault  zones  do  exist 
north  of  the  embayment.  Because  of  the  lack  of  Cretaceous  and  younger 
sediments  north  of  the  embayment,  fault  movements  there  cannot  easily 
be  dated,  except  as  post-Cretaceous,  because  they  trend  into  the  embayment 
and  are  there  covered  by  Cretaceous  sediments.  The  New  Madrid  fault 
zone  is  the  major  fault  zone  that  is  truncated  by  the  Mississippi  Embay- 
ment. This  fault  zone  trends  northeast  from  the  northern  end  of  the 
embayment  (Heyl  and  others,  1965).  The  other  fault  zone  that  is  truncated 
by  the  embayment  is  the  Ste.  Genevieve  fault  zone.  This  fault  zone  trends 
northwest  from  the  northern  end  of  the  embayment  (Heyl  and  others,  1965). 
The  seismic  trends  (Fig.  1).  also  show  a major  northeast  trend  and  a minor 
northwest  cross  trend.  The  fault  plane  solutions  of  Street  and  others 
(1974)  show  mostly  northeast  trending  faults  in  the  area  of  the  exposed 
New  Madrid  fault  zone  and  along  its  projection  southwestward  beneath 
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the  embayment.  Street  and  others  (1974)  also  report  west  and  northwest 
trending  faults  in  southeast  Missouri.  Four  of  the  Cretaceous  and 
Cenozoic  faults  of  Table  1 are  subparallel  to  the  northeast  trend 
(Fig.  5).  Faults  at  three  localities  in  Table  1 are  subparallel  to 
the  northwest  trend  (Fig.  5).  The  correlations  of  Cretaceous  and 
Cenozoic  fault  strikes  and  fault  plane  solutions  with  pre-Cretaceous 
fault  zones  suggest  that  the  pre-Cretaceous  faults  are  being  reactivated. 
The  correlations  of  Cretaceous  and  Cenozoic  fault  strikes  with  historic 
seismic  trends  and  with  fault  plane  solutions  suggest  that  the  northeast 
and  northwest  trends  are  real  and  that  these  seismic  trends  had  been 
active  earlier  in  Cretaceous  and  Cenozoic  time. 

Southeastern  United  States 

There  are  three  main  seismic  trends  in  the  southeastern  United 
States.  One  is  in  the  Appalachian  orogenic  belt  and  is  parallel  to  the 
trend  of  the  belt.  The  earthquakes  in  this  trend  occur  mainly  in  the 
Blue  Ridge  and  Valley  and  Ridge  provinces  (Fox,  1970) . The  other  two 
trends  are  transverse  and  are  in  the  Piedmont  and  Coastal  Plain  provinces 
in  South  Carolina  and  in  Virginia.  (Fig.  1).  The  Quantico  and  Drewrys 
Bluff  faults  (Table  1)  trend  nearly  east-west  and  are  in  the  transverse 
seismic  zone  in  Virginia.  Some  of  the  other  Cretaceous  and  Cenozoic 
faults  are  subparallel  to  the  Appalachian  structures  (Fig.  6),  but  this 
correlation  is  not  highly  convincing.  This  poor  correlation  may  be 
caused  by  the  complicated  structure  of  the  Appalachians  or  by  the 
complicated  nature  of  intraplate  tectonics. 

The  Crystal  River,  Florida. fault  may  be  connected  with  movement 
on  the  Ocala  uplift  (Vernon,  1951).  The  region  of  the  Ocala  uplift  is 
an  area  of  minor  seismic  activity  (Fig.  1),  although,  as  elsewhere  in 
eastern  North  America,  the  correlation  between  earthquakes  and  specific 


faults  is  uncertain. 


The  Deep  River,  North  Carolina  locality  includes  several  gravity 
faults  that  offset  Pliocene(?)  high  level  surficial  deposits,  Mesozoic 
dikes,  and  earlier  faults  (Reinemund,  1955).  These  faults  are  within 
a Triassic  graben.  Quaternary  gravity  faulting  with  displacements  of 
about  0.2  m has  also  been  reported  in  Middlesex  County,  New  Jersey 
(Ries  and  others,  1904;  Salisbury  and  Knapp,  1917)  in  the  Coastal  Plain 
above  other  Triassic  basin.  Here  only  unconsolidated  Quaternary  sediments 
were  seen  to  be  faulted,  and  hence  this  locality  is  not  included  in 
Table  1.  Gravity  faulting  was  also  indicated  in  northern  New  Jersey 
by  a composite  fault  plane  solution  (Sbar  and  others,  1970).  The 
continuation  or  reactivation  of  gravity  faulting  in  Cenozoic  time 
suggests  that  extensional  stresses  are  important  in  contemporary  tectonics, 
if  this  faulting  is  tectonic  in  origin  and  not  merely  slumping. 

Two  of  the  localities  in  Table  1 represent  previously  unreported 
faults.  The  second  Drewrys  Bluff,  Virginia,  entry  in  Table  1 represents 
three  minor  faults  in  addition  to  the  one  described  (Fig.  4).  All  are 
located  in  the  cliff  along  the  south  bank  of  the  James  River  next  to 
Fort  Darling  (a  historical  monument).  Over  a vertical  distance  of  about 
2 m,  the  dip  of  the  main  fault  decreases  towards  the  surface  from  45  to 
30  degrees,  and  the  fault  splays  upward  into  several  branches.  Fault 
gouge  is  present,  but  no  slickensides  were  observed. 

The  second  previously  unreported  fault  is  about  2 km  east  of  Saluda, 
Polk  County,  North  Carolina  (the  third  entry  at  this  locality  in  Table  1). 
This  fault  is  exposed  in  a road  cut  on  the  north  side  of  country  road  1122 
approximately  1.2  km  east  of  the  intersection  of  country  road  1122  and  1142 
Here  weathered  migmatite  has  been  thrust  over  reddish  colluvium.  No 
slickensides  were  found.  Since  the  lower  nonconformity  between  the 
colluvium  and  the  migmitite  is  not  exposed,  only  a minimum  displacement 


of  4 m can  be  determined. 

CONCLUSIONS 

A major  unsolved  problem  in  seismotectonics  is  lack  of  understanding 
of  the  processes  responsible  for  generating  the  stresses  that  cause 
intraplate  seismicity.  Possible  causes  of  these  stresses  include  the 
effects  of  varying  lithospheric  thicknesses  caused  by  isostatically 
compensated  topography  (Jeffreys,  1959;  Artyushkov,  1974),  erosion  and 
subsequent  isostatic  uplift  of  the  Appalachians,  sedimentation  in  and 
subsequent  depression  of  the  Mississippi  Embayment,  and  other  vertical 
movements  perhaps  induced  by  lateral  temperature  and  compositional 
variations  that  cause  flow  in  the  asthenosphere.  Because  both  gravity 
and  thrust  faults  are  found,  and  because  the  strikes  of  the  faults  vary 
considerably,  one  must  invoke  stresses  that  vary  spatially  and/or  temporally 

In  regions  of  major  acti/e  plate  boundaries  in  continental  areas, 
preexisting  faults  are  usually  reactivated  during  earthquakes,  and 
faulting  sometimes  extends  to  the  ground  surface.  These  two  characteristics 
of  faulting  have  not  been  documented  for  modem  earthquakes  in  eastern 
North  America,  and  the  question  arises  whether  or  not  this  lack  of 
documentation  is  caused  by  the  short  time  period  of  observations.  The 
data  on  Cretaceous  and  Cenozoic  intraplate  faulting  described  here 
suggests  that  it  is  caused  by  the  short  time  period  of  observations. 

Firstly,  in  some  cases  this  intraplate  faulting  occurs  along  preexisting 
weaknesses.  Secondly,  the  fact  that  the  faults  usually  cut  surficial 
deposits  suggests  that  surface  faulting  has  occurred.  The  lack  of  indura- 
tion of  these  sediments  suggests  that  they  were  not  deeply  buried,  faulted, 
and  then  uplifted.  Another  indication  of  surface  faulting  in  two  cases 
is  the  decreasing  dip  of  the  fault  plane  as  it  approaches  the  surface. 
Finally,  the  correlations  of  the  trends  of  the  Cretaceous  and  Cenozoic 


faulting  in  the  central  Mississippi  River  valley  and  in  the  southeastern 
United  States  with  historic  seismicity,  with  fault  plane  solutions,  and 
with  older  fault  zones  suggest  that  the  Cretaceous  and  Cenozoic  faulting 
and  contemporary  seismotectonics  in  these  regions  have  similar  causes. 

Thus  one  may  suppose  that  features  of  the  Cretaceous  and  Cenozoic  faulting, 
such  as  reactivation  of  pre-existing  faults  and  surface  faulting,  will 
characterize  some  modern  earthquakes. 

The  distribution  of  Cretaceous  and  Cenozoic  faulting  described  here 
represents  only  a small  sample  of  the  faults  that  moved  during  this  time 
period.  Probably  not  all  fault  movements  came  near  enough  to  the  ground 
surface  to  be  exposed  at  present.  Furthermore,  the  inability  to  date 
many  young  fault  movements  and  the  lack  of  sufficient  exposures  to  find 
the  young  movements  that  are  datable  surely  keep  many  examples  of 
Cretaceous  and  Cenozoic  faulting  from  being  identified.  Therefore 
many  more  cases  of  Cretaceous  and  Cenozoic  faulting  very  likely  exist 
in  eastern  North  America.  Also,  because  the  distribution  of  Cretaceous 
and  younger  sediments,  which  are  usually  needed  to  date  the  young  fault 
movements,  has  varied  throughout  time  as  these  sediments  are  deposited 
and  eroded,  the  distribution  of  the  Cretaceous  and  Cenozoic  faulting 
described  here  is  a function  of  the  location  of  young  sediment  cover  as  well  as 
a function  of  seismicity.  Still,  in  the  southeastern  United  States  and 
central  Mississippi  River  valley,  the  Cretaceous  and  Cenozoic  faults 
are  found  only  in  areas  that  have  experienced  some  historic  seismicity. 

Thus,  in  these  regions,  there  is  some  support  to  the  suggestion  that 
the  seismicity  is  associated  with  faulting. 

No  data  on  Cretaceous  and  Cenozoic  faulting  have  been  found  to  help 
elucidate  the  tectonics  around  Charleston,  South  Carolina.  This  lack 
of  data  is  possibly  caused  by  the  thickness  (more  than  1000  m)  of 
Coastal  Plain  sediments  here,  because  fault  movements  in  the  basement 
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rocks  may  not  remain  as  sharp  breaks  throughout  this  thickness  of 
sediments.  Whether  such  large  earthquakes  may  occur  elsewhere  in 
the  Coastal  Plain  or  at  other  locations  in  eastern  North  America  that 
have  experienced  little  historic  seismicity,  or  whether  these  large 
earthquakes  will  reoccur  only  near  previous  historic  locations,  is  still 
not  known.  Faults  such  as  those  illustrated  in  Figures  2 and  4 may 
suggest  that  earthquakes  with  a magnitude  of  about  6 can  be  expected 
to  occur  along  the  Appalachian  trend  of  seismicity,  but  this  point  is 
not  proved,  and  the  frequency  of  such  shocks  is  not  well  determined. 

The  data  suggest  that  caution  should  be  applied  before  predicting 
future  seismicity  entirely  on  the  basis  of  the  historical  seismic 
record. 
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ILLUSTRATIONS 


Figure  1. 


Figure  2 


Figure  3 


Distribution  of  reported  earthquakes  in  eastern  North  America 
from  historical  and  instrumental  data  (Bollinger,  1973b,  Coffman 
and  von  Hake,  1973;  Docekal,  1970;  Smith,  1962,  1966;  United 
States  Earthquakes,  1928-1971).  Because  of  the  uncertainties  in 
pre-1928  epicenter  locations,  two  maps  arc  presented.  (1  A)  Earthquake 
epicenters  1534-1971.  (IB)  Earthquake  epicenters  1928-1971.  Tectonic 
provinces  are  from  King  (1969). 

. Fault  in  Washington,  D.C., off setting  Precambrian  schist,  Pleistocene 
terrace  gravel,  and  Pleistocene  loam.  Displacement  appears  to  be 
about  1 m.  Fault  is  no  longer  exposed.  From  Darton  (1939). 

. Cretaceous  and  Cenozoic  faults  in  eastern  North  America.  Data  from  table 
1 and  three  more  representative  postglacial  fault  locations  (Ontario, 
Quebec , and  Nova  Scotia)  from  Oliver  and  others  (1970) . Line 
segments  show  strikes  of  faults;  short  cross  segment  indicates  a 
vertical  fault,  D on  downthrown  side;  circles  show  faults  with 
unreported  strikes;  R indicates  reverse  faults;  N indicates  normal 
fault;  pointed  barbs  indicate  reverse  faults;  straight  hachures 
indicate  normal  faults;  barbs  and  hachures  are  on  down  dip  side 
of  faults;  hourglass  symbols  show  fault  zones  where  fault  strikes 
vary  within  limits  shown;  small  square  between  four  short  line 
segments  indicates  a horizontal  fault.  Tectonic  provinces  are 

from  King  (1969) . 


Figure  4.  Cretaceous  fault  at  Drewrys  Bluff,  Virginia.  The  banded 

sediments  exposed  above  the  colluvium  are  loosely  consolidated, 
interbedded  silt,  sand,  and  peat.  A conglomerate  unconformably 
overlies  the  faulted  sediments.  Dip-slip  displacement  is 
about  0.6  m;  strike-slip  displacement  is  unknown.  Two  geological 
hammers  provide  scales.  Photographed  by  David  Prowell,  U.S. 
Geological  Survey. 

Figure  5.  Distribution  of  Cretaceous  and  Cenozoic  faults  in  the  central 
Mississippi  River  valley.  Data  are  from  Table  1.  Symbols 
are  as  in  Figure  3.  Physical  divisions  are  from  Fenneman  (1946). 

Figure  6.  Distribution  of  Cretaceous  and  Cenozoic  faults  in  the  southeastern 
United  States.  Data  are  from  Table  1.  Symbols  are  as  in  Figure 
3.  Physical  divisions  are  from  Fenneman  (1946). 


TABLE  1.  DESCRIPTIONS  OF  FAULTS 


Locetlon 

Type  Strike  Dip  Displacement  Youngest 

of  (meters)  faulted 

fault*  rocks 

Observed  Lltereture 
1974  reference 

Belslr,  Ceorgla 

R N20E 

58-80  E 

>1 

Creteceous 
sediments  | 

- 

O'Connor  end 
other»(1974) 

Benton,  Kentucky 

V N45E 

90 

0.3 

Pliocene (T) 
terrace  grevsls 

Rhoedes  snd 
Mistier (1941) 

Benton,  Mlaeourl 

R - 

>15 

Creteceous 

sediments* 

Grohakopf 

(1955) 

Bloomfield,  Mlaeourl  - N55W 
N30W 

to  - 
to 

3-6 

Tsrtlery 

sediments 

Grohakopf 

(1955) 

NS 

Bloomf laid,  Missouri  - N50W 
NS  to 
N30E 

to  - 

3-6 

Tertiary 

sediments 

Grohakopf 

(1955) 

Buckhorn  Croasroede 
North  Carolina* 

, R NS1E 

48  NW 

0.3 

Cretaceous 

sediments* 

Whlte(1952) 

Burlington,  Vermont 

- 

0.9 

Cretaceous 
kimberlite  * 

Thompson 
(1853,  p.  53) 

Clifton  Forge, 
Virginia* 

V N25W 

90  (E  5-6 

side  down) 

Tsrtlery 

grsvsle* 

X 

White (1952) 

Commerce,  Mlaeourl 

— “ 

“ 

“ 

Pliocene (I) 
grevsls 

- 

Grohekopf 

(1955) 

Crystsl  River, 
Florida* 

- N45W 

* 

Eocene 

lineetohe 

“ 

Vsrnon(1951) 

Deep  River, 

North  Carolina 

N - 

* 

>0.5 

Pliocene(?) 

sediments 

“ 

Relnemund 

(1955) 

Drevrys  Bluff, 
Virginia* 

R - 

>50 

<0.5 

Creteceous 

ssdlmente 

“ 

Cederstrom 

(1945) 

Drevrys  Bluff, 
Virginia 

R N65E 

45  S 

0.6 

-Creteceous 

sediments 

X 

Grand  Rivere, 
Ksntucky 

V N18E 

90  (E 
side  down) 

Creteceous 

sediments 

- 

Rhoedes  end 
Mietler (1941) 

Greenwood , 
Virginia* 

R N20E 

57  E 

1.5 

Pleletocsns 

terrace 

grevsls’ 

X 

Neleon(1962) 

Hillsboro, 

Virginia 

* * 

>45 

0.9 

Tsrtlery 

gravels 

— 

White (1952) 

Hydro, 

North  Carolina' 

R N40E 

50  NW 

5 

Tsrtlery 

gravels! 

X 

Whlts(1952) 

Ida lie,  Mlaeourl 

- N45W 

-(NE  sids 
down) 

20 

Tsrtlery 

sediments 

— 

Perrar  snd 
McManamy(1937) 

Idella,  Missouri 

- N55E 

— 

>15 

PI locens(T) 
gravels 

• 

Grohskopf 

(1955) 

Kentucky  Dam, 
Kentucky 

V N60E 

90 

>30 

Crstaceous 

sediments 

— 

Rhoedee  snd 
Mletlsr(194l) 

Ludlowills , 
New  York 

H - 

* 

0.6 

Creteceous 

kimberlite* 

• 

Matson(1905) 

Pumpkin  Hollow, 
New  York*f 

R N40E 

65  SE 

.05 

Pleistocene 

glsclel 

sedations1 

X 

Ollvsr  end 
othere(l970) 

Quootlco,  Virginia* 

R N7SW 

50  S 

0.25 

Cretaceous 

sediments 

X 

1 

Cederstrom 
, (1945) 

Saluda , 

North  Carolina 

N NBOE 

11  S 

>0.5 

Queternery(T) 

terrace 

gravels1 

Conley  snd 

Drummond 

(1965) 

Saluda , 

North  Carolina 

N NBE 

67  E 

>5 

Quaternary  (?) 
colluvium* 

— 

Conley  end 

Drummond 

(1965) 

Salude, 

North  Carolina 

R N40W 

20  NE 

>4 

Qustemery(?) 

colluvium! 

X 

Teughannock  Falls, 
Nev  Tork 
Upper  Marlboro, 
Maryland 

H - 

R - 

- 

0.5 

>0.3 

Creteceous 

kimberlite! 

Pleistocene 

sediments 

Matson(1905) 

Dryden(1932) 

Velcour  Island, 
New  Tork 

- NS 

Creteceous 
kimberlite * 

Hudson  end 
Cuehing(1931) 

Valcour  lelend, 
Nev  York 

- N50E 

Crstecsoue 

kimberlite! 

- 

Hudson  and 
Cushing(l931) 

Washington,  D.C. 

* “ 

-(E  side 
down) 

>2 

Cretaceous 

sediments* 

- 

Cerr(1950) 

Washington,  D.C.* 

R - 

>60 

-1 

Pleistocene 

terrece 

gravels! 

■ 

Derton(1939) 

Washington,  D.C. 

R NSW 

60  W 

>2 

Creteceous 
sediments * 

X 

Carr (1950) 

* R (reverse) , N (normal),  V (vertical),  H (horizontal) 
t Photograph  of  feult  la  published  In  the  literature  reference. 

I Paleozoic  or  Precambrlan  bedrock  la  also  exposed  and  offset  by  the  fault. 
' This  locality  la  rerr'eaentetlve  of  many  postglacial  f suite  Hated.  In  the 
lltereture  reference. 
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Through  analysis  of  leveling  data,  rates  or  relative  vertical  motion  have  been  determined  for  po  nts  of  a 
arid  of  profiles  over  much  or  the  eastern  United  Slates.  The  rates  are  commonly  too  large  to  be  attributed 
to  leveling  errors  and  therefore  must  reflect  true  earth  movements.  With  some  exceptions,  modern 
movements  appear  to  be  related  to  earlier  Phanerozoic  trends,  but  the  rates  or  modern  movements  are 
much  larger  than  average  rales  over  the  past  1 30  m.y.  Thus  movements  are  either  episo  ic  or  osci  a ory 
about  a long-term  trend,  ir  oscillatory,  the  periods  must  be  less  than  about  10*  yr  and  may  be  much 
smaller.  The  spatial  patterns  or  the  rates  or  relative  motion,  or  tilts,  can  be  correlated  with  certain 
geological  reatures.  The  Atlantic  and  Guir  coastal  plains  are  tilting  downward  away  from  the  continen  a 
interior  Along  a profile  from  Savannah,  Georgia,  to  Philadelphia.  Pennsylvania,  the  Atlantic  Coastal 
Plain  is  also  tilting  downward  to  the  north,  with  a perturbation  at  the  Cape  Fear  arch.  The  Appalachian 
Highlands  are  rising  relative  to  the  Atlantic  Coast  at  rates  or  up  to  6 mm/yr.  The  pattern  or  maxima  and 
minima  in  relative  velocities  along  the  profiles  crossing  the  Appalachian  Highlands  province  suggests 
elongated  zones  of  relative  uplift  and  subsidence  paralleling  either  the  Appalachian  drainage  divide  or  the 
trend  of  Appalachian  structure.  The  maxima  correlate  strongly  with  topographic  highs  There  is  a 
suggestion  or  correlation  or  modern  seismicity  with  extremes  or  relative  velocities  in  the  Appalachian 
Highlands  province.  The  Interior  Plains  are  tilting  downward  to  the  cast  at  a rate  of2  X 10  rad/yr.  the 
'implication  being  that  glacial  rebound  is  not  an  important  factor  south  oh  the  Great  Lakes  at  the  presen 
time  The  wavelength  between  successive  zones  or  relative  uplift  in  the  Appalachian  Highlands  is  about 
300  km,  suggesting  that  at  least  the  entire  thickness  or  the  lithosphere  is  involved  and  probably  the 
aslhenosphere  as  well.  Possible  explanations  for  these  phenomena  include  the  effects  or  hydrologic 
variations,  phase  transitions  in  the  lower  crust  and/or  the  upper  mantle,  asthenospheric  currents  driven 
by  ocean  and  ice  loads  or  plate  motions,  and  stresses  derived  front  noncquilibrium  crustal  loads  or  crusta. 
unloading  by  erosion. 


Introduction 

The  purpose  of  this  study  is  to  relate  data  from  precise 
leveling  to  various  geological  and  geophysical  parameters  in 
the  hope  of  learning  more  of  the  deformation  and  deforma- 
tional  processes  affecting  the  earth’s  crust.  The  area  focused 
upon  is  the  eastern  United  States,  for  w hich  leveling  data  have 
been  collected  and  were  generously  made  available  by  the 
National  Geodetic  Survey  (N'’S)  of  the  National  Ocean  Sur- 
vey (formerly  the  U.S.  Coast  a : Geodetic  Survey).  The  analy- 
sis and  approach  used  here  diilvr  somewhat  from  those  of 
many  previous  studies  in  that  emphasis  is  placed  on  the  level- 
ing data  alone  and  on  the  relative  velocities  (or  lilt  rates  over 
finite  segments)  determined  from  those  data.  It  is  this  informa- 
tion that  is  related  to  geological  parameters.  Commonly,  level- 
ing information  is  adjusted  by  warping  the  leveled  surface  to 
fit  sea  level  measurements  at  certain  common  points  and  to 
obtain  internal  consistency  within  the  level  net.  From  differen- 
ces of  two  aucli  adjusted  surfaces,  'absolute’  velocities  (rca’ly 
relative  to  sea  level)  can  be  obtained.  This  method  has  the 
advantage  of  reducing,  hopefully,  the  effect  of  cumulative  er- 
rors in  leveling,  but  may  introduce  new  sources  of  error  in  the 
form  of  ambiguous  sea  level  measurements,  nonsynchroneity 
of  observations,  excessive  smoothing,  and  other  effects,  so  that 
warping  may  obscure  information  of  value  in  the  study  of 
geological  phenomena.  For  these  reasons  only  information 
from  relative  velocity  and  tilt  rate  data  is  used  here.  Further- 
more, only  larger  wavelength  movements  were  examined  in 
order  fo  nrlitliftUe  flit  lilflWtHlW ronteeTorue 
processes  (e.g.,  groundwater  withdrawal,  compaction  due  to 
man-made  loads). 

Copyright  © 1976  by  the  American  Geophysical  Union. 


Six  continuous  profiles  of  relative  velocity  have  been  pre- 
pared from  NGS  data.  These  profiles  cross  virtually  all  of  the 
major  structural  provinces  in  the  eastern  United  Slates.  From 
these  profiles  several  features  not  previously  reported  may  be 
seen,  as  well  as  others  that  arc  common  to  most  studies  of 
leveling  data.  In  many  cases,  but  not  all,  modern  relative 
movement  is  in  accord  with  the  direction  of  movement  in- 
dicated by  the  geological  record  for  part  or  all  of  the  Phanero- 
zoic. Thus  the  Atlantic  and  Gulf  coastal  plains  are  tilting 
seaward  and  the  Appalachian  i are  rising.  As  has  been  found 
elsewhere,  the  rates  of  movement,  however,  are  larger  than 
loose  oeouceu  from  the  geological  evidence.  In  fact.  they  tiM 
so  large  (note  that  I mm/yr  = 1 km/m. y.)  that  they  could  not 
continue  without  change  for  long  (say  one  or  a few  million 
years)  without  unreasonable  deformation  of  the  earth  s sur- 
face. Thus  there  are  two  possible  conclusions.  Either  the  level- 
ing data  are  in  error  and  hence  misleading,  or  else  contempo- 
rary movements  are  episodic  or  oscillatory,  perhaps  about 
$atrc  kng-lcrm  trend  A substantial  analysis  of  errors  in  level- 
ing has  been  made,  both  here  and  elsewhere,  and  it  is  highly 
unlikely  that  such  errors  can  explain  the  observations;  hence  it 
seems  certain  that  real  motion  of  the  crust  is  being  observed. 
That  the  pattern  of  movements  shows  some  correlation  with 
topographic  and  geological  features  is  additional  strong  evi- 
dence that  surveying  errors  are  not  predominant. 

Once  episodic  or  oscillatory  motion  of  the  crust  is  estab- 
lished, it  becomes  important  to  understand  this  phenomenon, 
for  the  movements  may  be  related  to  hthosphere-astheno- 
■ here  dynamics  and  hence  informative  on  a variety  of  geo- 
logical problems  such  as  plate  motions,  basin  and  dome  defor- 
mation, epeirogenv,  and  earthquake  occurrence  within 
lithospheric  plates. 

Of  special  interest  are  the  results  of  this  study  that  suggest 
13 
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elongate  zones  of  relative  uplift  and  subsidence  paralleling  the 
Appalachian  drainage  divide  or.  as  an  alternative  in ler- 
pretation.  the  trend  of  Appalachian  structure.  The  *ave- 
lengths  involved,  on  the  order  of  300  km.  are  typical  of  litho- 
sphere-asthcnospherc  phenomena.  The  evidence  for  such 
features  is  not  so  complete  as  one  might  hke  because  of  t_  c 
wide  spacings  between  profiles,  but  the  possibility  that  this 
tatlen.  cf  n.oven  mtt  and  similar  patterns  in  other  areas 
might  be  measured  is  an  exciting  one.  for  the  patterns  are  a 

likely  clue  to  the  mechanism. 

The  background  and  capabilities  of  precise  leveling  as  a tool 
for  the  study  of  crustal  movements  are  first  considered.  The 
sources  of  error  in  leveling  are  examined,  and  the  methods  of 
analysis  used  for  this  study  are  discussed.  The  remainder  of  he 
paper  is  devoted  to  the  presentation  and  interpretation  of  the 
results  of  correlating  the  vertical  crustal  movements  deduced 
from  leveling  data  with  geologic  structure  in  the  eastern 

United  States. 


Measurements  of  Crustal  Movement 
Using  Precise  Leveling 


The  use  of  precise  leveling  to  investigate  crustal  movements 
dates  from  engineering  studies  of  building  settlement  tn  the 
mid-nineteenth  ccnturv  [Werner,  1970],  Leveling  has  proven 
valuable  in  the  study  of  areas  where  fluid  withdrawal,  sediment 
compaction,  and  mining  operations  are  significantly  afTecting 
surface  staouity.  In  the  United  States  there  m <rv« 

where  such  factors  are  causing  significant  economic  concern. 
For  example,  the  Houston-Galveston  area  is  subsiding  due  to 
water  withdrawal  and  sediment  compaction  at  rates  up  to  90 
mm/yr  relative. to  local  sea  level  [Small,  i960;  Gabrysch  1969; 
Poland  and  Davis,  1969].  Groundwater  withdrawal  is  also  re- 
sponsible for  subsidence  in  several  parts  or  the  San  Joaquin 
valley  at  rates  in  excess  of  300  mm/yr  relative  to  loca  «a  level 
[Poland  and  Davis,  1956;  Small,  1961;  Holdahl,  1969].  Such 
large  rates  are  rare,  hut  these  efTccts  must,  of  course,  be  tasen 
into  account  in  studies  of  crustal  mobility. 

Leveling  has  also  been  used  successfully  to  measure  vertica 
movements  believed  to  be  associated  with  major  earthquakes 
Levelings  before  and  after  the  1964  Alaskan  earthquake  [Small 
wiM MAL.fl  m*\  'he  >959  Heb.en  Lake.  Montana  earth- 
quake [Myers  and  Hamilton.  1964],  and  the  1954  Dixie  Valley 
earthquakes  [Whitten,  1957]  have  revealed  vertical  crustal 
movements  on  the  order  of  1-5  m.  accompanying  indepen- 
dently measured  fault  displacements  up  to  10  m.  Similar  but 
smaller  magnitude  movements  have  been  measured  by  leveling 
ill  Japan,  New  Zealand,  Australia,  and  Hung  try  | Mesckert- 
kov  1968;  Lensen.  1971;  Lensen  and  Otway,  1971;  Gordon 
1971],  Recent  work  suggests  that  both  premonitory  vertical 
movements  and  postearlhquake  fault  slip  are  amcnab  * 10 
study  by  precise  leveling  [Miyabe,  1955,  Hage*ara,  . 
TsubokawaandSagasawa,  1966;  Lensen  and  Otway , \9^  R,kh 
take,  1972;  Castle  ct  al„  1974;  Savage  and  Church,  17/4). 

Leveling  has  also  been  used  to  study  the  deformation  proc- 
esses initiated  by  the  imposition  and  removal  of  large  crustal 
loads.  The  filling  of  large  reservoirs  has  been  shown  to  cause 
significant  rf.wfw  i'  ’ mediate  and  surround- 

ing  vicinities  [Longwell.  I960;  Carder  and  Small,  1948;  Sleigh  et 
al  1969].  The  effects  of  unloading  Pleistocene  lakes  [Cmiffl- 
den,  1963]  as  well  as  the  retreat  of  glacial  ice  sheets  [haanai- 
nen,  1953]  have  been  investigated  by  means  of  precise  leve  ing. 
The  determination  of  recent  uplift  of  the  earth  s crust  in  in- 
land probably  represents  the  best  leveling  study  of  large  scale 


vertical  movement  to  date  [Kaariainen,  1953.  1966,  Kukka- 

Although  the  use  of  precise  leveling  in  studies  secular 
vertical  crustal  movements  is  not  new  in  the  United  States 
[Small,  1963;  Meade.  1971],  the  method  has  received  much 
mor-  attention  in  Europe  and  Japan  [e.g.,Mesclierikov,  1959, 
Beloussov  1962-  Rezanov  andZarudny,  1962; Gerasimov , 1967. 
Riives  1973;  Miyabe , 1952;  Miyabe  et  al.,  1966],  Much  of  this 

velocities  of  vertical  crustal  movement  [Miyabe  et  al,  19  , 

Mescherikov,  1973].  Other  regions  where  similar  studies  have 
been  undertaken  include  the  Alps  [Levallois,  '912'™aer  °nf 
Jeanrichard,  1974],  the  Negev  of  Israel  [Karcz  and  Kafrt,  97  , 
1973]  the  Himalayas  [Chugh.  1974],  and  the  Canadian  shield 
[Vanicek  and  Hamilton,  1972).  These  studies  indicate  that 
while  leveling  can  be  used  effectively  to  measure  secular  verti- 
cal crustal  movements,  the  results  tend  to  be  varied,  and  as  yet 
no  comprehensive  mechanism  for  driving  these  movements 
has  been  found.  Comparison  of  results  from  many  parts  or  the 

1967;  Brimm  ><  4,  >*"l  «•»**  «» 

magnitudes  of  these  movements  tend  to  be  consistent  (i.e..  tilt 
rates  on  the  order  of  10--10'’  rad/yr)  with  orogen.c  zones 
generally  being  characterized  by  larger  rates  and  shorter  wave- 
lengths than  platform  regions.  The  results  of  this  study  sup- 
port these  observations. 

The  mare  convincing  tudici,  *rth  movements  or  large 
magnitude  and/or  movements  for  which  reasonable  causative 
-rpcJunisms  have  been  found.  When  the  magnitude  of  the 
movements  approaches  the  accuracy  limit  ol  the  leveling  proc- 
ess itself,  it  becomes  extremely  difficult  to  discriminate  actual 
crustal  movement  from  possible  leveling  errors.  The  cost  o 
leveling  in  terms  or  both  time  and  money  virtually  prohibits 
the  frequent  repetition  or  leveling  over  large  distances.  Lack  or 
knowledge  about  the  periodicity  or  recent  vertical  crusta 
movements  introduces  the  strong  possibility  0r  aliasing  in  the 
results  or  leveling  determinations  or  movements.  For  example 
if  the  time  interval  or  leveling  coincides  with  the  natural  period 
ol  the  movement,  the  t,U  meaMU*  of  ctuttaf  trover,  cm  will  he 
zero  regardless  of  its  actual  amplitude.  Few  studies  exist  in 
which  the  discontinuous  record  of  movements  determined  by 
precise  leveling  can  be  compared  unambiguously  with  results 
obtained  bv  independent,  continuous  methods,  e.g.,  tiltmeter 
surveys  \Kasuham,  Tor  It  » irttP  ti&ry  to 

understand  the  leveling  process  and  its  limits  when  attempting 
to  apply  its  results  to  geological  and  geotectomc  problems. 


U.S.  Level  Network 


The  establishment  of  an  accurate  net  of  reference  points  for 
elevation  determinations  in  the  United  Staiv.v  Legal,  vr,  Uit 
when  the  U.S.  Coast  and  Geodetic  Survey  initiated  work  on  a 
transcontinental  line  of  first-order  leveling.  By  1929.  the  level 
net  had  been  extended  to  include  approximately  45.000  miles 
(72,000  km)  of  first-order  leveling.  To  make  measurement  in 
the  net  internally  consistent  under  the  assumption  of  crustal 
stability,  a series  of  least  squares  adjustments  were  perlormed 
in  1899,  1903,  1907,  1912,  1927,  and  1929.  More  recent  data 
have  been  accommodated  by  supplementary  adjustments  to 
the  1929  general  adjustment  [t/SCGS,  1961].  Maintenance  and 
development  ol  the  "Vertical  Control  Net  of  the  United  Stattl 
is  carried  out  by  the  NGS. 

During  releveling  of  portions  of  the  U.S.  net.  it  became 
apparent  that  the  assumption  of  crustal  stability  upon  which 
adjustment  procedures  are  based  was  not  valid,  at  least  tn 
certain  areas.  Horizontal  distance  measurements  (triangula- 
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tion)  after  the  <906  San  Francisco  earthquake  clearly  demon- 
strated the  instability  or  the  earth's  crust  [Bowie,  1 928],  Analy- 
ses of  triangulation  data  by  C.  A.  Whitten,  B.  K.  Meade,  and 
others  have  since  provided  valuable  data  on  the  recent  horizon- 
tal movements  associated  with  the  San  Andreas  fault  system 
I Whitten,  1948,  1949,  1956;  Whitten  and  Claire , I960;  Meade , 
1948,  1965,  1966].  Likewise,  Small  (1961,  1963,  1966],  Holdahl 
(1969,  1973a,  b],  and  Holdahl  and  Morrison  [1973]  ha>  e 
pointed  out  that  significant  changes  in  elevation  also  occur  in 
many  areas  in  the  United  Slates. 

In  keeping  with  the  goals  of  the  Commission  on  Recent 
Crustal  Movements  of  the  International  Association  of 
Geodesy  [CRCM,  1962,  1966,  1968],  the  NGS  is  actively 
amassing  a bank  of  elevation  change  data  to  facilitate  study  of 
recent  vertical  crustal  movements.  Another  objective  being 
pursued  by  the  NGS  is  the  compilation  of  maps  of  recent 
vertical  crustal  movements  for  the  United  States.  Although 
such  maps  provide  the  best  representation  of  movements  from 
a statistical  viewpoint,  they  have  a number  of  weaknesses 
when  used  to  infer  possible  geologic  processes,  Among  these 
weaknesses  are  the  assumption  of  constant  velocity  of  move- 
ment over  the  lime  period  of  the  measurement  and  the  wide 
variations  in  the  spatial  density  of  the  data,  with  correspond- 
ing loss  of  detail  during  smoothing  procedures,  by  examining 
data  that  are  unbiased  by  the  limitations  of  statistical  assump- 
tions, some  oi  me  ambiguities  iiiliucAT  in  maps  aJjttt-t*- 
vertical  velocity  values  can  be  avoided  [Bendefy,  1966], 

In  order  to  interpret  leveling  data  with  confidence  it  is  neces- 
sary to  understand  the  methods  of  observation  and  analysis  in 
some  depth  and  to  give  careful  consideration  to  the  errors  that 
might  arise  at  each  step  of  the  procedure.  There  may  be  consid- 
erable variation  in  quality  from  one  set  of  data  to  the  next,  and 
poor  data  must  be  eliminated  or  downgraded.  The  leveling 
data  used  here  were  studied  in  considerable  detail,  as  described 
in  the  next  section. 

Leveling  Procedure 

Figure  I illustrates  the  basic  technique  of  precise  leveling.  In 
essence  it  involves  establishing  a horizontal  reference  surface 
and  making  a measurement  of  the  difference  in  height  hetween 
two  reference  points  (bench  marks)  (see  Boinford,  1971,  Tor 
details].  The  instrument  used  by  the  NGS  for  most  of  its  work, 
until  recently,  was  the  Fischer  first-order  level,  in  which  the 
line  of  sight  was  made  normal  to  the  plumb  line  by  adjustment 
or  a very  sensitive  level  bubble.  Modern  instruments  rely  on  an 
automatic  leveling  system.  Both  types  depend  on  the  relative 
uniformity  oi  tne  local  geuid.  Spatial  gw’/.J  v-ariatu  ,ii  "jJ- 
ordinarily  a problem  in  elevation  change  measurements,  how- 
ever since  Uir  wavt 'enfths  of  significant  gravity  anomalies  are 
usually  much  larger  than  the  length  of  a measurement  interval. 
Any  small  systematic  error  introduced  by  ignoring  gravity 
anomalies  will  cancel  when  subtracting  elevation  differences. 
Short-wavelength  gravity  anomalies  should  contribute  only 
random  error.  Temporal  changes  in  the  gravity  field  change 

the  shape  of  the  fcfcTCIlCt  geOlJ  and  tlvewfcjl"  'I  -■  VlUN1- 

ments  of  vertical  crustal  movement.  Corrections  for  such  ef- 
fects require  a knowledge  of  the  secular  gravity  variation  as 
well  as  the  geometry  and  density  changes  of  the  source  region, 
none  of  which  are  known  quantities  at  present.  It  is  implicitly 
assumed  in  this  paper  that  the  geoid  remains  sufficiently  con- 
stant for  the  times  of  leveling  and  releveling  to  justify  ncgleet- 
ing  the  effects  of  secular  gravity  variations.  This  assumption 
appears  to  be  valid  for  the  movements  considered  here,  if  one 
considers  the  magnitudes  of  the  gravity  changes  needed  to 


Fig.  I.  Technique  of  precise  leveling,  defining  the  quantities  Mi 
(elevation  difference)  and  disH  (relative  elevation  change). 

significantly  affect  leveling.  It  should  be  noted  that  crustal 
movements  also  give  rise  to  gravity  variations  which  will  affect 
leveling  results.  The  effect  causes  the  leveling  measurement  of 
the  magnitude  of  elevation  change  to  be  smaller  than  the 
actual  elevation  change  magnitude;  however,  the  elfect  is  small 
and  will  be  neglected.  The  measuring  rods  are  made  of  invar, 
whose  coefficient  of  thermal  expansion  is  small  and  well- 
known.  The  most  common  type  of  bench  mark  used  by  the 
NGS  is  a bronze  tablet  set  into  a bell-shaped  concrete  post  3-5 
ft  (1-1.5  m)  lung  atid  buried  ir.  the gtouwi  >•  fth  itt  Lop  Hush  with 
the  surface  [Rappleye,  1948].  T he  ability  of  the  bench  marks  to 
■h\)k*  iheif  a rvljlivr  r the  rrust  upon  which  thee  are 

located  determines  to  a large  extent  the  usefulness  of  elevation 
change  measurements  for  crustal  movement  studies.  Rappleye 
[1948]  describes  the  criteria  used  by  the  NGS  in  placing  bench 
marks.  Rock  outcrops  are  preferred,  but  necessity  often  dic- 
tates the  choice  of  less  stable  positions.  Small  bridges  and 
curbs  are  examples  of  structures  where  bench  marks  are  some- 
times placed  which  are  subject  to  large  nontectonic  disturb- 
ances. Local  soil  compaction  due  to  nearby  buildings  has  been 
found  to  be  a common  problem  . near  cities  for  certain  types  of 
bench  marks  [ Uspenskii , 1961,  1967;  Lutsar et  al , 1973].  Frost 
heaving  can  cause  relative  uplift  of  bench  marks  on  the  order 
of  several  decimeters  over  a period  of  15-20  yr  if  they  are  not 
secured  below  the  frost  level  [ Uspenskii , 1961].  Field  tests  and 
inspections  have  shown  that  the  majority  of  bench  marks  are 
not  significantly  affected  by  such  factors  [ Etlingwood  and  Hol- 
dahl, 1972;  Lilienherg  and  Setunskaya,  1969].  Unstable  bench 
marks  are  easily  recognized  by  their  unusually  large  and  sin- 
gular movements. 

T ne  distance  Between  bench  marks  is  uhouL  1 mile  ({.{Am), 
while  the  distance  between  leveling  rods  for  each  setup  of  the 
ilUlte  lOu  m *tf  ‘Win £r  rate  or  progression  for 

leveling  work  is  about  3 km  per  day.  Leveling  designated  as 
first-order  is  double  run,  i.e.,  the  measurement  of  A/i  is  per- 
formed twice,  once  going  from  BM1  to  DM 2 and  again  going 
from  BM2  to  BM I . The  difference  between  the  two  determina- 
tions gives  an  estimate  of  the  precision  of  the  work.  Second- 
order  leveling  is  also  double  run  in  many  cases. 

Errors 

The  largest  difficulty  in  evaluating  elevation  changes  by  pre- 
cise leveling  lies  in  determining  the  influence  of  leveling  errors 
on  the  measurement  of  elevation.  Leveling  is  susceptible  to 
errors  which  are  varied  in  type  as  well  as  magnitude.  These 
errors  may  be  classified  as  blunders,  random  errors,  or  system- 
atic errors. 

Blunders,  uch  as  reading  a rod  I m or  I dm  wrong  or 
misrecording  a value,  are  usually  revealed  in  the  discrepancies 
between  forward  and  backward  leveling  or  in  the  overall  cir- 
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cuit  (Disclosures  because  of  their  unusually  large  values.  They 
are  nearly  always  eliminated  before  elevations  are  computed. 
For  this  reason  they  are  not  normally  a serious  problem  in 
interpreting  elevation  changes. 

Random  errors  are  propagated  as  the  square  root  of  the 
number  of  measurements  made.  Since  the  lengths  of  the  setups 
are  usually  about  the  same,  the  random  error  is  expressed  in 
terms  of  the  square  root  of  the  distance  leveled,  i.e.,  mL  = 
n,  wlitic  mL  (in  nriHftr  eters)  is  the  standard  devisstkm  of 
an  elevation  difference  determined  over  a distance  L (in  kilo- 
meters) from  a reference  point,  and  m is  the  standard  deviation 
of  leveling  over  unit  distance.  The  quantity  m can  be  deter- 
mined from  the  discrepancies  between  forward  and  backward 
levelings  [ Bomford , 1971].  The  allowable  deviations  between 
forward  and  backward  levelings  as  of  1961  for  the  NGS  are 
shown  in  Table  I.  Recently  the  NGS  has  adopted  m = 1.0  for 
its  high-precision  work.  The  data  used  in  this  study  are  derived 
mainly  from  first-order  leveling,  supplemented  by  some  sec- 
ond-order results.  In  practice,  it  is  found  that  the  standard 
deviations  of  leveling  are  usually  smaller  than  the  values  which 
can  be  deduced  from  the  tolerance  limits  given  in  Table  1. 
Holdahl  [1973a]  gives  estimates  of  m for  NGS  leveling  com- 
pleted within  given  periods  for  which  different  types  of  instru- 
mentation and  procedures  were  used  (Table  2).  The  standard 
deviations  of  the  relative  velocities  used  in  this  paper  were 
calculated  according  to  the  following  relation  [Holdahl, 
1973 a]: 

m„  = [(m,*  +«,,■)  L\'n/{1-  <.)  (1) 

where  m„  is  the  standard  deviation  of  relative  velocity  v with 
respect  to  a reference  point  at  distance  L (kilometers)  in  mil- 
limeters per  year,  m,  is  the  standard  deviation  of  leveling  over 
unit  distance  at  time  t (years),  and  m^  is  the  standard  deviation 
of  leveling  over  Unit  distance  at  time  Values  for  m,  and  m u 
are  taken  from  Table  2.  Sources  of  random  error  are  covered 
in  Rappleye  [1948],  Bomford  [1971],  and  others  and  will  not  be 
discussed  here.  For  the  purposes  of  this  study,  the  effect  of 
random  errors  are  accounted  for  in  the  parameter  m*. 

The  most  serious  types  of  error  with  respect  to  elevation 
change  measurements  are  systematic.  Systematic  errors  occur 
with  predominantly  the  same  sign  and  accumulate  with  the 
first  power  of  distance.  Systematic  errors  may  show  themselves 
in  the  (Disclosures  of  leveling  circuits  and  thus  can  be  elimi- 
nated by  least  squares  adjustments.  Some  types  of  systematic 
error  do  not  appear  in  closing  errors  and  are  therefore  the 
most  troublesome  when  evaluating  leveling-derived  elevation 


changes.  Errors  accumulating  with  height  or  latitude  are  of 
this  type.  An  error  of  0.03  mm  in  a 3-m  rod  would  give  an 
error  of  I mm  per  100  m of  elevation  change.  NGS  rods  are 
checked  regularly  to  insure  ihat  the  rod  lengths  are  known  to 
better  than  I part  in  10*.  Kaarianinen  [1966]  reports  that  rod 
length  changes  over  short  intervals  of  time  appear  to  be  on  this 
order  or  smaller.  A significant  souice  of  tlt»aVi<jTi-cn(‘i-'l4‘>rd 
error  arises  from  refraction  effects.  Bomford  [1971]  reports 
IhsIt'iMtwon.  aoMl  un  grades  could  amount  to 

20  mm  per  100  m of  elevation  change.  Inspection  of  the  theo- 
retical refraction  correction  of  Kukkamaki  [1938,  1939]  in- 
dicates that  20  mm  per  100  m of  elevation  change  is  abnor- 
mally large  and  probably  represents  an  upper  limit  to  the 
magnitude  of  this  error.  Since  the  refraction  is  predominantly 
of  the  same  sign  during  normal  working  hours,  the  effect  of 
refraction  should  be  cancelled,  at  least  in  part,  when  taking  the 
ditference  of  two  eievation  values.  Fjithci  inure,  rdnduiuiZa- 
tion  of  weather  conditions  over  the  tune  petted  of  leveling 
should  reduce  the  systematic  influence  of  refraction.  Hytonen 
[1967]  reports  an  average  refraction  effect  during  the  second 
leveling  of  Finland  of  only  6 mm  per  100  m of  rise.  Holdahl 
[1974],  using  the  theoretical  formulas  of  Kukkamaki,  found 
the  refraction  error  on  a California  line  to  be  less  than  4 mm 
per  100  m of  rise. 

Tidal  forces  have  also  been  shown  to  affect  leveling  results. 
These  errors  are  negligible  on  an  east-west  line  [Bomford.  1971; 
Holdahl,  1974]  but  may  accumulate  significantly  on  a north- 
south  line.  At  most  the  astronomical  correction  is  0.1  mm/km 
[ Holdahl , 1974],  corresponding  to  a tilt  of  about  0.3  X 10"' 
rad/yr  for  a 30-yr  time  interval.  Earth  tides  and  ocean  loading 
are  generally  thought  to  be  negligible  as  far  as  measurement  of 
secular  trends  is  concerned  [Bomford,  1971],  although  Si- 
monsen  [1966]  reported  tidal  tilts  due  to  earth  tides,  ocean  load- 
ing, and  the  attraction  of  water  on  the  order  of  4 X I0~*  rad/ 
yr.  It  seems  unlikely,  however,  that  such  tilts  could  affect 
leveling  systematically  for  long  distances.  Thurm  [1971]  exam- 
ined the  influence  of  refraction,  lunisolar  tides,  and  thermal 
rod  changes  on  a level  net  in  the  Elbe  river  valley  and  con- 
cluded that  the  corrections  for  these  factors  did  not  signifi- 
cantly affect  elevation  change  measurements. 

Leveling  procedures  are  designed  to  minimize  or  eliminate 
the  influence  of  these  and  other  sources  of  systematic  error, 
such  as  instrument  maladjustment,  nonverticality  of  rods,  and 
sinking  or  rising  of  rods  and  instruments.  Other  sources  of 
error,  such  as  gravity  anomalies  or  atmospheric  pressure 
changes,  are  probably  negligible  in  elevation  change  mcasure- 


TABLfc  I.  Specifications  for  Precise  Leveling  L»onc  by  the  U.5.  Coast  and  Geodetic  Survey 

[USCGS.  1961] 


Order  of  Leveling 

First 

Second  (Gass  1) 

Second  (Class  2) 

Third 

Spacing  of  lines  and  cross 
lines,  miles 

60(96.6) 

25-35  (40.2-56.3) 

6(9.7) 

Not  specified 

Average  spacing  of  per- 
manently marked  bench 
marks  along  lines,  miles, 
not  to  exceed 

1 (1.6) 

1 (1.6) 

10.6) 

3 (4.8) 

Length  of  sections,  miles 

0.5-1  (0.8-1. 6) 

0.5-1  (0.8-1. 6) 

0.5-1  (0.8- 1.6) 

Not  specified 

Check  between  forward  and 
backward  running  between 
fixed  elevations  or  loop 
closures’,  not  to  exceed 

4 nurtt)'11 

8.4  mmtL)'/* 

8.4  mm(L)''» 

12  mmU,)111 

Numbers  in  parentheses  are  metric  equivalents. 
• Where  L is  in  kilometers. 


TABLE  2.  Estimates  of  the  Standard  Deviation  m of  Precise  Leveling  Completed  During  Certain 


Time  Period 

First  Order*,  mm 

Second  Order*,  mm 

Prior  to  1900 
1900-1916 
1917-1955 
1956  to  present 

2.5 
2.0 

1.5 
1.0 

5.0 

4.0 

3.0 

2.0 

From  Holdahl  [1973a], 

* If  distance  is  measured  in  kilometers. 


ments  [Leont'ev,  1967;  Bomford,  1971;  hacks  et  a!.,  1973],  It 
should  be  emphasized,  however,  that  knowledge  of  sodfces  of 
error  in  leveling  and  their  influence  is  by  no  means  complete 
[Bomford,  1971]'  however,  to  invoke  unknown  sources  of  error 
in  order  to  explain  away  measured  elevation  changes  is  unwar- 
ranted and  completely  ad  hoc  at  the  present  time.  Routine 
office  corrections  applied  to  the  field  observations  include  cor- 
rections for  the  deviations  in  individual  rod  lengths,  the  ther- 
mal expansion  or  contraction  of  the  rods,  and  residual  collima- 
tion  error  [Holdahl,  1973a]. 

In  an  attempt  to  eliminate  systematic  errors  from  the  level- 
ing data,  least  squares  adjustments  are  often  performed.  The 
result  of  such  a process  yields  a set  of  adjusted  elevations 
obtained  by  eliminating  circuit  misclosures  in  accordance  with 
the  laws  of  probability.  The  data  used  in  preparing  adjusted 
elevations  usually  span  large  time  intervals,  and  thus  any  real 
vertical  crustal  movements  are  treated  as  errors.  Elevation 
change  calculations  based  on  such  data  may  therelore  give 
very  distorted  patterns  of  vertical  ci  usia!  me  vement.  To  avo.d 
this  problem,  a number  of  methods  have  been  worked  out  to 
adjust  elevation  change  measurements  [Gale,  1970;  Vanicek 
and  Hamilton,  1972;  Holdahl,  19736;  Vanicek  and  Christo- 
dulidis,  1974].  Most  of  these  methods  depend  on  the  assump- 
■n  of  constant  rates  of  elevation  change.  Vm.iek  and  Ham- 
[1972]  have  questioned  the  normality  of  the  error 
distributions  involved,  while  Figure  2 demonstrates  the  weak- 
ness in  the  assumption  of  constant  velocity,  in  order  to  min- 
imize possible  distortions  due  to  adjustment  procedures,  only 
observed  elevations  incorpuia.ir.g  lOann*.  offiwC  co. i ictic frs 
are  used  in  this  study. 

Data  Analysis 

The  data  examined  in  this  paper  were  furnished,  courtesy  of 
the  NGS,  from  the  bank  of  elevation  change  data  recently 
established  at  the  Vertical  Network  Branch.  The  data  format 
consists  of  tabulated  and  plotted  values  of  relative  elevation 
change  between  successive  levelings  along  the  same  route  (pro- 
file). The  relative  elevation  changes  are  obtained  by  sub- 
tracting the  elevation  difference  Ah  between  a given  bench 
mark  and  some  reference  bench  mark  (usually  the  first)  at 
iOart  time  ft-ahi  if*  Utae  difference  measured  at 

some  other  time,  i.e., 

dAh  = Ah{t)  - Ah(h)  (2) 

which  is  equivalent  to  summing  the  sequential  intervening 
values  of  elevation  change,  i.e., 

■ 

dish,  = £ dAh,  (3) 

• -l 

Relative  velocities  are  obtained  by  dividing  the  relative  eleva- 
on  changes  by  the  time  interval  over  which  they  have  oc- 
curred, i.e.,  only  uvtiag^  vwlontiv.s  vaA  be  cuiCJ^aled.  Fcf 
simplicity,  the  duration  of  the  leveling  (which  may  be  several 


months)  is  taken  to  be  negligible  in  comparison  with  the  time 
interval  between  levelings.  It  should  be  emphasized  that  the 
elevation  changes  and  velocities  used  in  this  paper  are  relative 
to  some  reference  point,  usually  arbitrarily  chosen.  It  is  the 
pattern  of  movement  rather  than  the  absolute  values  which  is 
of  primary  importance.  The  problem  of  assigning  absolute 
values  is  essentially  one  of  least  squares  adjustment  of  leveling 
data  with  sea  level  changes,  usually  provided  by  tide  gage 
measurements.  Such  absolute  movement  values,  while  repre- 
senting an  attempt  to  eliminate  the  effect  of  some  types  of 
errors,  inherit  the  uncertainties  of  the  assumptions  involved  in 
the  adjustment  procedures  as  well  as  those  associated  with  sea 
level  measurements  [Gutenberg,  1941;  Bloom,  1967;  Higgins, 
1965;  Emery  and  Uchupi,  1972].  Figure  3 shows  the  lines  of 
leveling  in  the  eevation  change  data  base  of  the  NGS  w hich 
are  examined  in  this  paper,  as  well  as  some  supplementary 
data  not  yet  incorporated  into  the  base.  Almost  40,000  km  of 
the  Vertical  Control  Net  have  been  releveled  in  the  eastern 
United  States.  The  tjwlty  of  Ihii  irtfowfUibei  L"d  its  suit- 
ability for  discerning  vertical  movements  of  different  wave- 
lengths varies  widely.  Some  profiles  have  effective  bench  mark 
densities  of  one  per  kilometer  while  other  profiles  have  only 
one  usable  bench  mark  every  100  km.  In  order  to  provide  £ 
aemiquantUatm  tncxuitc  of  the  tcklivs  overall  quality,  eacb 
profile  was  assigned  a quality  factor.  The  criteria  used  in  as 
sieninp  a quality  factor  were  as  follows:  the  amount  of  scatter 
the  bench  mark  density,  the  length  of  the  time  interval  betweer 
levelings  (longer  time  intervals  given  higher  rating),  and  con 
iiglLtiLj  in  HefhJ  fallen  liw«wiw  rflkwlinei  The  last  twr 


Fig.  2.  Relative  elevation  charges  for  selected  pairs  of  bench 
marks.  For  example,  the  upper  curve  depicts  the  movement  of  bench 
mark  fSJ  rTaMwto  ft*.  Bili'g  dirshet!  srste  mtmwtltrf  la 
the  two  lower  curves  the  direction  of  movement  reverses  with  time. 
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Fig.  5.  Index  map  for  relative  velocity  profiles  shown  in  Figures  7-12.  Physiographic  provinces  after  Fenneman  [1946]'. 
geologic  structure  after  King  [19696]  and  Murray  [ 1961  ].  The  symbols  are  defined  as  follows:  A,  Blue  Ridge.  B.  Pied  mo.  I, 
C.  Valley  and  Ridge;  D.  interior  basins;  E.  inner  limit  of  the  Coastal  Plain;  F,  structural  high;  I.  Illinois  basin;  2.  Michigan 
basin;  3,  Appalachian  foreland  basin;  4.  Black  Warrior  basin;  5,  Ouachita  foreland  basin;  6.  Chesapeake-Delaware 
embayment;  7,  Cape  Fear  arch;  8.  Peninsular  arch;  9.  Ocala  uplift:  10.  Hatchctigbce  anticline;  II,  Wiggins  uplift;  12. 
Cincinnati  arch;  13,  Findlay  arch;  14,  Kankakee  arch;  15,  Southeast  Georgia  basin. 
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criteria  depend  in  part  on  the  assumption  of  constant  rales  of 
elevation  change,  an  assumption  which  has  already  been  ques- 
tioned (Figure  2).  However,  since  unambiguous  multiple  recy- 
clings are  not  common,  the  influence  of  this  assumption  on  the 
distribution  of  quality  factors  is  small.  Each  profile,  designated 
in  accordance  with  the  NGS  data  base,  is  rated  1.  2,  or  3 for 
each  criteria  (3  being  the  highest),  and  the  ratings  summed. 
Figure  4 shows  the  result  of  such  a rating  for  elevation  change 
data  classified  according  to  the  periods  most  closely  subtended 
by  the  leveling  interval  of  the  profiles.  The  overall  quality 
appears  to  be  consistently  high  regardless  of  the  limes  of  level- 


ing. Sufficient  data  of  comparable  quality  are  therefore  pres- 
ently available  to  make  a meaningful  analysis  of  regional  dif- 
ferences in  patterns  of  recent  vertical  crustal  movements.  In 
this  paper  an  attempt  was  made  to  utilize  the  best  measure- 
ments available  for  a given  region. 

When  interpreting  elevation  change  measurements  it  is  often 
useful  to  work  w ith  the  data  in  terms  of  tilts  or  tilt  rates.  Tilt 
rates  are  especially  useful  when  comparing  measurements  of 
relative  velocities  with  corresponding  values  of  propagated 
error.  Whereas  the  velocities  and  error  referred  to  in  this  paper 
are  relative,  tilt  rates  are  absolute.  Till  rates  are  calculated 
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Fig.  6.  Circuit  misclosures  computed  from  the  profiles  in  Figures  7-1 2.  The  blocks  represent  the  quadrants  enclosed  by 
the  routes  in  Figure  5,  with  Davis  Junction  represented  by  the  upper  left  corner.  The  numerator  is  the  magnitude  of  the 
relative  velocity  misclosure.  while  the  denominator  is  the  length  of  the  circuit.  Also  shown  is  the  misclosure  calculated  as  a 
tilt  rale  and  (in  parentheses)  as  a standard  deviation  of  leveling.  The  bottom  figures  refer  to  the  perimeter  of  the  net. 


from  the  slopes  of  relative  velocity  versus  distance  curves,  i.e., 
t = Au/Ax.  Since  the  routes  along  which  the  leveling  is  ac- 
tually done  are  neither  direct  nor  horizontal  lines,  the  tilt  rates 
calculated  in  this  manner  are  merely  apparent,  the  actual  val- 
ues being  greater  than  or  equal  to  the  apparent  values.  In  the 
worst  case  this  elTect  is  as  great  as  25%,  but  it  is  usually  much 
less  than  10%  and  hence  negligible.  The  measured  component 
of  tilt  varies  with  the  strike  of  the  leveling  route.  Values  of  i 
for  the  lines  shown  in  Figure  3 range  from  10“’  to  I0"‘  rad/yr. 
the  larger  values  of  t are  gtiitially  limited  to  areas  where 
large-magnitude  nontectonic  processes  are  dominant,  such  as 
the  Houston-Galveston  region.  Outside  such  areas,  tilt  rates 
appear  to  cluster  between  10“'  and  10“'  rad/yr.  The  polarity 


of  the  tilt  will  be  noted  by  the  direction  which  is  relatively 
subsiding,  i.e.,  an  eastward  tilt  is  equivalent  to  a tilt  down  to 
the  east. 

In  order  to  provide  a representation  of  regional  vertical 
crustal  movements  free  of  possible  unwarranted  distortion  by 
adjustment  procedures,  six  long  profiles  of  relative  velocity 
were  compiled  from  shorter  segments  in  the  NGS  data  base. 
The  only  assumption  involved  is  that  there  are  no  dis- 
continuities in  the  relative  velocity  curves  at  the  junction  point. 
Figure  5 shows  the  routes  of  leveling  as  well  as  the  major 
physiographic  province-  and  tectonic  structures  which  are 
crossed  [Fenneman,  1946;  King,  19696],  The  cities  mark,  in 
general,  the  junction  points  of  the  elevation  change  profiles 
used.  The  designations  in  the  NGS  data  base  are  used  with 
onlj  minor  excef-tions.  It  should  he  em^jhnvftvd  < 

segments  were  leveled  and  releveled  at  different  times  (Tables 
3a-3/),  therefore  the  profiles  are  inhomogeneous  with  respect 
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Fig.  7.  Profile  A,  Davis  Junction,  Illinois,  to  Atlantic  City,  New 


Jersey.  The  points  depict  the  relative  velocities,  the  solid  line  gives  the 
absolute  elevations,  and  the  lower  dashed  line  represents  the  estimate 
of  standard  deviation  relative  to  the  starting  point  of  the  profile. 
Movements  may  be  considered  significant  where  the  slope  of  the  rela- 
Uve  velocity  curve  exceeds  the  slope  of  the  error  propagation  curve. 
The  position  of  each  reference  point  shown  in  Figure  5 is  labeled  at  the 
top  of  the  figpre.  Only  relative  velocities  are  depicted,  i.e.,  the  velocity 
values  at  t = Oare  arbitrary  and  chosen  for  scaling  convenience  only. 
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Fif  • 8.  Profile  B,  WickclilTe,  Kentucky,  to  New  Bern,  North  Caro- 
lina. Symbols  are  defined  in  Figure  7. 
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Fig.  9.  Profile  C,  Shrevepori,  Louisiana,  lo  Meldrim,  Georgia.  Sym- 
bols are  defined  in  Figure  7. 

lo  time.  Any  attempt  to  compare  trends  among  the  several 
segments  should  therefore  be  made  cautiously. 

Figure  6 is  a schematic  diagram  of  the  leveling  routes  with 
misclosures  of  the  various  circuits  shown,  as  well  as  the  corre- 
sponding contributions  that  these  errors  would  make  to  tilt 
rates  in  the  circuit  if  the  closing  errors  were  distributed  homo- 
geneously throughout  the  length  of  the  circuit.  Such  a distribu- 
tion is  simplistic  in  that  most  of  the  error  may  be  concentrated 
in  only  a few  of  the  segments  involved.  Adjustment  procedures 
try  to  account  for  such  factors  by  various  weighting  schemes 
[Vanicek  and  Hamilton,  1972;  Holdak!  ond  Morrison,  1973], 
but  lack  of  knowledge  about  the  nature  of  the  movements 
involved  leaves  the  validity  of  these  schemes  open  to  question. 
In  any  case,  the  important  point  is  that  the  tilt  rates  calculated 
from  these  misclosures  are  an  order  of  magnitude  smaller  than 
the  tilt  rates  indicated  by  the  leveling  data.  If  one  were  to 
attribute  the  misclosures  to  the  propagation  of  random  errors, 
the  required  standard  deviations  rn„  (also  shown  in  Figure  6) 
a"  well  within  the  limits  estimated  in  Table  2.  Thus  the  error 
curves  ir.  Figures  7-12  appear  to  be  valid  estimates  of  the 
errors  to  be  expected  in  the  relative  velocity  curves. 

Figures  7-12  arc  profiles  of  vertical  crustal  movement  which 
sample  virtually  all  of  the  major  tectonic  provinces  in  the 
eastern  United  States.  Pertinert  facts  related  to  these  profiles 
are  listed  in  Tables  3 a through  3/.  All  of  the  profiles  are  plotted 
on  the  same  scale  for  easy  comparison.  In  addition  to  the  curve 
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Fig.  10  Profile  D,  Davis  Junction,  Illinois,  to  Meridian,  Mississippi. 
Symbols  are  defined  in  Figure  7. 
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Fig.  II.  Profile  E,  Willard,  Ohio,  to  norih  of  Tallahassee.  Florida. 

Symbols  are  defined  in  Figure  7. 

of  relative  velocities,  represented  by  points  (each  point  repre- 
senting an  individual  bench  mark),  the  absolute  elevations 
(relative  to  sea  level)  determined  for  each  bench  mark  are 
shown  as  solid  lines.  These  ele'vation  profiles  follow  leveling 
routes,  which  are  usually  located  along  the  smallest  gradient 
available,  often  corresponding  to  railway  routes  and  river 
courses,  and  therefore  are  normally  not  direct  traverses  across 
physiographic  provinces.  The  error  curves  (dotted  lines)  repre- 
sent the  propagated  random  error  estimated  from  the  values  of 
m in  Table  2 using  (I).  The  ordinate  of  the  curve  at  a given 
distance  x represents  the  standard  deviation  of  relative  velocity 
at  that  distance  with  respect  to  the  initial  bench  mark  in  the 
profile.  In  order  to  evaluate  the  significance  of  any  segment 
within  the  profile,  the  magnitude  of  the  slopes  of  the  relative 
velocity  should  be  compared  to  the  error  curves.  In  general, 
velocity  gradients  which  exceed  the  error  gradients  can  be 
considered  significant.  Abbreviations  of  the  names  of  the  refer- 
ence cities  shown  in  Figure  5 are  plotted  at  their  respective 
positions  along  the  profile  route.  In  many  cases,  results  from 
more  than  one  releveling  are  available  for  segments  of  these 
profiles.  The  choice  of  which  profile  to  use  was  based  on 
several  criteria.  Profile  segments  with  larger  quality  factors 
were  given  priority.  An  attempt  was  made  to  match  segments 
whose  times  of  leveling  and  releveling  were  similar  in  order  to 
minimize  the  effect  of  nonlinear  movements.  Segments  over 
which  successive  levelings  are  separated  by  very  small  time 


Fig.  12.  Profile  F,  Philadelphia,  Pennsylvania,  to  Savannah  Beach, 
Georgia.  Symbols  are  defined  in  Figure  7. 


TABLE  3 a.  Background  Data  for  Relative  Velocity  Profile  A in  Figure  7 


Segment  End  Point 


Warsaw 

Leipsic-Deshler 


Massillon 


Distance 

From  Davis  Junction, 
km 


Pittsburgh 


Harrisburg 
Philadelphia 
Atlantic  City 


Intermediate  location. 


Time  Interval 


1947-1969.5 

1947-1968.8 

1946-1968.8 

1930-1968.8 

1954-1968.6 

1954-1967.5 

1934-1967.5 

1934-1969.9 

1950-1966.9 

1941-1966.8 

1941-1966.8 

1934-1966.8 

1941-1966.7 

1929-1966.6 

1924-1964.8 


TABLE  36.  Background  Data  for  Relative  Velocity  Profile  B in  Figure  8 


Segment  End  Point 

Princeton 

Hopkinsville 

• 

Park  City 
Somerset 
Harriman 

• 

Morristown 

» 

Newton 

» 

Greensboro 
Raleigh 
New  Bern 

* Intermediate  location. 


Distance 

From  Wickcliffe,  km 


Time  Interval 

1947-1968.7 

1934- 1968.7 

1949- 1968.9 
1940-1968.6 
1954-1968.6 
1928-1968.6 

1950- 1968.6 
1950-1967.9 

1935- 1067.9 
1935-1967.9 
1932-1967.8 
1932-1967.8 
1935-1967.8 
1935-1967.9 
1935-1968 


I , years 


TABLE  3c.  Background  Data  for  Relative  Velocity  Profile  C in  Figure  9 


Segment  End  Point 


Monroe 

Vicksburg 

Jackson 

Newton 

• 


Montgomery 

Columbus 

Macon 

* 

Meldrim 

* Intermediate  location. 


Distance 

From  Shreveport,  km 


Time  Interval 


TABLE  3 d.  Background  Data  for  Relative  Velocity  Profile  D in  Figure 


l,  years 


1938-1969.1 

31.1 

1934-1961.1 

35.1 

1935-1968.9 

33.9 

1935-1968.9 

33.9 

1961— 1 968 . 3 

7.3 

1943.8-1968.3 

24.5 

1933-1968.5 

35.3 

1933— .968 . 3 

35.3 

1917-1958 

41 

1934.8-1962 

27.2 

1934.8-1955 

20.2 

Segment  End  Point 


Sandoval-Ccntralia 
Cairo- Wickcliffe 
Corinth 
Meridian 


Distance 

From  Davis  Junction,  km 


Time  Interval 

1920-1969.8 

1922-1969.9 

1889-1948 

1935-1961.0 
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TABLE  ie.  Background  Da!a  for  Relative  Velocity  Profile  E in  Figure  II 


Segment  End  Foint 

Distance 

From  Willard,  km 

Time  Interval 

/.  years 

Columbus 

139 

1931-1967.7 

33.7 

• 

215 

1954  1967.8 

13.8 

Portsmouth 

294 

1943-1967.8 

39.8 

• 

354 

1956-1967.8 

11.8 

Jackson 

536 

1928-1967.8 

39.  E 

Morristown 

926 

1930-1967.6 

37.6 

Rockmart 

1291 

5935-1967.9 

32.9 

Atlanta 

1378 

1959-1968.5 

9.5 

Columbus 

1587 

1958  1968. 3 

10.3 

Tallahassee 

1820 

1916-1958 

42 

• Intermediate  location. 

TABLE  3/.  Background  Data  for  Relative  Velocity  Profile  F in  Figure  12 

Segment  End  Point 

Distance 

From  Philadelphia,  km 

Time  Interval 

/,  years 

* 

17 

1929-1964.7 

35.7 

Porter 

94 

1932-1964.7 

33.7 

Harrington 

175 

1931-1963.0 

32.0 

Kiptopcke 

376 

1935-1963.0 

28.0 

• 

408 

1963-1972.4 

9.4 

Norfolk 

420 

1952-1972.4 

20.4 

New  Bern 

683 

1932-1963 

31 

Navassa 

831 

1932-1963.2 

31.2 

Charleston 

1138 

1932.8-1963.0 

30.2 

• 

1238 

1933-1961 

28 

Savannah  Beach 

1355 

1933-1955 

22 

• Intermediate  location. 


interval!:  were  avoided  unless  no  other  measurements  were 
available.  In  general,  the  trends  shown  in  Figures  7-12  are 
supported,  at  least  in  sign,  by  the  additional  relevelings  avail- 
able. A notable  exception  is  the  segment  from  Raleigh,  North 
Carolina,  to  New  Bern,  North  Carolina  ( b in  Figure  13),  which 
shows  eastward  tilting  (i.e.,  down  to  the  east)  between  1935 
and  1968  and  westward  tilting  between  1897  and  1935.  Al- 
though the  elevation  changes  on  the  earlier  profile  lie  well 
w ithin  the  range  one  might  expect  from  random  error,  those  of 
the  later  profile  do  not;  hence  the  rate  of  elevation  change  must 
have  been  significantly  different  for  the  two  observation  peri- 
ods. Another  exception  occurs  in  the  segment  between  Macon, 
Georgia,  and  Savannah,  Georgia  ( a in  Figure  13),  which 
shows  an  eastward  tilt  between  1917  and  1935  and  a westward 
tilt  between  1935  and  1962,  a r.  .ersal  with  time  opposite  to 
that  in  the  previous  example.  These  two  examples  demonstrate 
that  these  movements  do  not  have  constant  velocities.  If  they 
represent  true  crustal  movement,  the  period  of  these  move- 
ments could  be  on  the  .order  of  the  time  intervals  between 
levelings. 

Results 

An  inspection  of  Figures  5 and  7-1 2 reveals  a marked  corre- 
spondence between  the  shape  of  the  relative  velocity  curves 
and  the  regional  geologic  structure  along  the  leveling  route. 
Consistent  patterns  can  be  recognized  for  the  Coastal  Plain, 
the  Appalachian  Highlands,  and  the  Interior  Plains,  following 
the  terminology  of  Fenneman  [1946). 

Coastal  Plain 

The  dominant  characteristic  of  the  Coastal  Plain  province, 
especially  pronounced  in  the  Atlantic  section,  is  a consistent 
tilt  down  toward  the  ocean.  This  tilt  can  be  seen  in  Figures  7, 
I*-  and  1 1,  but  not  in  Figure  9.  It  can  also  be  seen  in  other 


leveling  lines  of  the  NGS  data  base  that  traverse  the  Coastal 
Plain  (Figure  13);  14  of  15  profiles  of  this  data  base  show- 
oceanward  lilting.  Two  of  these,  however,  indicate  a reversal 
in  the  direction  of  tilting  between  successive  relevclings  ( a and 
b iri  Figure  13).  One  of",  r-e  lines  (o  in  Fie  lire  13.  w hich  is  part 
of  profile  C)  and  a li-e  tiiat  shows  a nci  .i’t  down  toward  the 
continental  interior  (f  in  Figure  13)  are  located  in  a region  of 
historic  and  recent  seismicity  [Bellinger,  1972;  Coffman  and 
von  Hake,  1973).  The  oceanward  tilts  correspond  to  the  gen- 
eral oceanward  decrease  in  elevation  across  the  Coastal  Plain, 
the  possibility  thus  being  raiser  that  t ation-corrdated  er- 
rors (e.g.,  rod  miscalibration  or  r*"'  ) dominate  the 

trends,  Since  the  u-ror  has  an  eque  e of  occurring  in 

either  the  orig;  't  veung  or  the  sub—.,  lent  releveling,  one 
would  expect  ■>  errors  'o  yield  apparent  tilts  both  toward 
and  away  from  me  coast.  Furthermore,  the  magnitud  of  the 


Fig.  13.  Selected  routes  of  elevation  change  profiles  which  cross 
the  Coasial  Plains  and  parts  of  the  Inlerior  Plains.  (See  text  ) 
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correlation  between  the  relative  velocity  and  the  elevation 
curves  appears  to  be  greater  than  that  which  one  would  expect 
from  rod  error  or  refraction  effects  (Figure  14).  Figure  12, 
showing  the  results  of  releveling  from  north  to  south  along  the 
coast,  indicates  that  there  is  considerable  variation  in  vertical 
movement  along  the  Atlantic  Coastal  Plain.  The  dominant 
feature  is  a very  large  northward  tilt  of  the  Atlantic  Coastal 
Plain  between  Harrington,  Delaware,  and  Savannah,  Georgia. 
The  virtually  flat  topography  along  this  line  eliminates  eleva- 
tion-correlated errors  as  an  influence.  Being  a north-south  line, 
it  is  susceptible  to  the  accumulation  of  tidal  errors.  However, 
the  tilt  rates  along  this  line  (~2  X I0"  rad/yr)  are  signifi- 
cantly larger  than  those  attributable  to  tidal  error  (~2  X I0~* 
rad/yr).  A large  part  of  this  tilt  may  be  attributed  to  absolute 
subsidence  of  the  Chcsapeake-L'elaware  embayment  (Figure 
5)  relative  to  sea  level,  as  indicated  by  adjustments  of  leveling 
and  tide  gage  data  in  the  area  by  the  NGS  [Holdan,  1973a: 
Holdahl  and  Morrison,  1973;  Balazs,  1974],  The  tilt  rate  drops 
otf  rapidly  at  the  Cape  Fear  arch  (Figure  5),  which  indicates 
that  the  arch  is  acting  as  a hinge  line.  Leveling  between  New 
Bern.  North  Carolina,  anri  Chariest  n,  twlb  (V  lit  r (Fig- 
ures 5 and  12)  indicates  relative  uplift  at  the  Cape  Fear  arch. 
The  pattern  of  movement  suggests  three  alternative  inter- 
pretations. (1)  a domelike  relative  uplift  centered  ollsfiore,  i.e„ 
the  direction  of  tilt  reverses  as  the  line  of  leveling  alternately 
approaches  and  retreats  from  the  coast  line  at  the  arch,  which 
is  consistent  with  the  behavior  one  would  expect  if  leveling 
first  toward,  then  away  from  the  crest  of  an  actively  dnstihg 
structure;  (2)  a corresponding  circular  subsidence  centered 
inland;  or  (3)  a narrow  relative  subsidence  trough  extending 
inland  itansvcrsv.  to  the  Cuast  wlrth  jo>t  happens  to  coincide 
with  the  change  in  direction  of  leveling.  The  general  ocean- 
ward  tilt  of  the  Coastal  Plain  argues  against  the  second  alterna- 
tive, and  probability  argues  against  the  third,  making  relative 
uplift  offshore  at  the  Cape  Fear  arch  the  most  likely  possi- 
bility. Localized  uplifts  are  also  seen  to  occur  at  Kiptopeke. 
Virginia,  and  Savannah,  Georgia.  Releveling  extending  to  the 
south  and  west  of  Savannah,  Georgia,  indicates  that  the  rela- 
tive uplift  in  this  area  is  also  domelike  in  nature.  There  is  no 
additional  rcleveling  in  the  area  of  Cape  Charles,  Virginia,  to 
suggest  the  three-dimensional  nature  of  movement  there. 

In  contrast  to  the  large  movements  shown  in  Figure  12  Tor 
the  Atlantic  Coastal  Plain,  the  profile  (Figure  9)  that  parallels 
the  Gulf  coast  (Figure  5)  shows  relative  stability.  The  domi- 


ng. 14.  Plot  of  correlation  ratio  of  elevation  change  to  elevation 
difference  as  i function  of  distance  from  Morristown,  Tennessee,  east- 
ward alone  rofile  R i^s’  . . u , , -a  -a  i i i 

refraction  errors  are  shown.  Solid  line  represents  abXe  eleven 
along  profile.  The  short  horizontal  bars  depict  the  net  or  ’average' 
value  of  c for  that  particular  segment. 


nant  feature  in  this  profile  is  the  relative  uplift  of  the  Savannah 
(Meidrim)  area.  Other  than  this  trend,  only  very  localized 
movements  are  inferred,  such  as  the  relative  subsidence  of  the 
Monroe,  Louisiana,  area,  possibly  reflecting  natural  gas  pro- 
duction nearby  [Louisiana  Geological  Survey,  1973],  Small 
peaks  in  relative  velocity  can  be  seen  near  Shreveport,  Lou- 
isiana, and  west  of  Columbus,  Georgia.  The  segment  in  Figure 
10  from  Corinth,  Mississippi,  to  Meridian,  Mississippi,  in- 
dicates significant  uplift  of  the  northeastern  part  of  Mississippi 
relative  to  the  central  United  States  region. 

Holdahl  [19736]  has  prepared  a map  of  the  Gulf  Coast 
region  from  an  adjustment  of  leveling  and  tide  gage  data  (Fig- 
ure 15).  In  addition  to  the  oceanward  tilt  characteristic  of  the 
Coastal  Plain  this  map  locates  centers  of  subsidence  relative  to 
sea  level  (without  theeustatic  term)  in  the  Houston-Galveston 
region  and  part  of  the  Mississippi  delta  region  in  Louisiana 
Widespread  fluid  withdrawal  may  explain  these  features,  al- 
though sediment  compaction  may  also  be  involved  in  the  Mis- 
sissippi Jeha  region.  Two  prominent  features  of  tms  map 
which  do  not  appear  to  be  associated  with  fluid  withdrawal  are 
a domelike  ewieted  over  south  w;:>t  Alaburfiu  ui.J  un 
eastward  tilting  of  the  Florida  peninsula.  Due  to  its  large 
magnitude,  it  is  unlikely  that  the  Alabama  movement  cao  be 
attributed  to  distortion  due  to  the  adjustment  procedure. 

The  question  naturally  arises  as  to  the  relationship  of  these 
movements  with  geologic  structure  and  their  consistency  with 
long-term  trends  indicated  by  the  geologic  record.  The  Meso- 
wif  " } r*  stTutfUf&l  in  the  Chesapeake  Dela 

ware  embayment  appear  to  reflect  underlying  Paleozoic  struc- 
tures [Murray,  1961].  The  area  has  been  structurally  low  since 
the  Cretaceous,  althougn  the  absence  of  certain  major  sedi- 
mentary rock  sequences  indicates  intermittent  uplift  [Murray. 
1961].  The  Cape  Fear  arch  represents  the  southern  boundary 
of  the  embayment  and  is  a distinct  northwest-trending  base- 
ment ridge  which  gradually  merges  with  the  pre-Cretaceous 
surface  near  the  Tall  line  [Bonini,  1955;  Ferenczi,  1959],  The 
sediment  thickness,  as  indicated  by  depth  to  basement,  de- 
creases as  one  traverses  the  arch  [Berry,  1951], 

The  oceanward  tilt  of  the  Coastal  Plains  (both  Atlantic  and 
Gulf)  also  correlates  in  general  with  the  increase  of  sediment 
ihickness  tow  ard  the  ocean  [Spangler,  1950;  Spangler  and  Pe- 
terson, 1950;  Drake  et  ai,  1959;  Murray,  1961;  Maher.  1968: 
Uchupi,  1970],  The  increase  in  the  magnitude  of  relative  sub- 
sidence with  increasing  sediment  thickness  suggests  that  a sedi- 
ment companion  mechanism  might  be  responsible.  However, 
the  large  tilt  rates  measured  by  releveling  seem  to  preclude 
compaction  due  solely  to  overburden  pressure  as  a reasonable 
mechanism  [Weller.  1959;  Rieke  and  Chilingariar,,  1974],  On 
the  other  hand,  near-surface  compaction  due  to  groundwater 
variations  may  be  significant.  Poland  and  Davis  [1956]  pre- 
sented strong  evidence  linking  subsidence  to  fluid  withdrawal 
and  the  subsequent  reduction  in  artesian  pressure  and  com- 
paction of  clays.  They  found  surface  level  changes  of  about 
I m for  every  20  m of  water  level  decline  in  the  San  Joaquin 
valley.  Similar  results  have  been  found  in  the  Houston- 
Gnlveston  ragiutl  whent  Hi  - awr-igv.  grvtjnjwaw  piling  ,e 
rate  in  i 964  was  411  million  gal./day  (1.6  X 10'  l/day) 
[Gahrysch,  1969].  In  contrast,  pumping  rates  near  the  routes 
of  reieveled  prol'h-s  in  the  Mlamtfc  Costtil  Flair,  exerol 
72  million  gal./day  (2.7  X I09  l/day)  only  at  Savannah, 
Georgia,  and  Philadelphia,  Pennsylvania  WSGS  lOTlJ 
furthermore,  surface  movements  due  to  groundwater  with- 
drawal tend  to  be  localized  rather  than  regional  [Small, 
1961],  The  scatter  in  relative  velocity  values  at  Savannah, 
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Fig.  15.  Summary  map  of  vertical  crustal  movements  mapped  in  previous  work  by  others.  Great  Lakes'  isobases 
(relative)  by  li'alcoti  ]I972A]  from  water  level  gages.  Chesapeake  Bay  and  Gulf  Coast  maps  by  Holdahl  and  Morrison  [1973] 
from  adjustment  of  leveling  and  tide  gage  data.  Apparent  secular  land  subsidence  rates  derived  by  Hicks  (1972/)]  from  tide 
gage  records  are  plotted  along  lire  Atlantic  Coast,  with  tide  gage  locations  indicated  by  solid  circles  on  the  left.  Individual 
measurements  by  Hicks  [19726]  for  the  Gulf  Coast  are  also  shown.  All  values  in  mrh/yr. 


Georgia,  seen  in  Figure  12  may  be  attributed  to  such 
effects  [Davis  et  al.,  1963].  It  seems  unlikely,  therefore, 
that  groundwater  variation  due  to  pumping  is  a serious  prob- 
lem in  interpreting  long-wavelength  data.  On  the  other  hand, 
long-term  natural  water  level  variations  may  be  a factor,  since 
they  characteristically  have  amplitudes  of  several  decimeters  to 
a few  meters  [ Wenzel . 1936;  Fischel,  1956].  These  variations 
may  be  especially  pronounced  in  karst  regions.  However,  a 
number  of  considerations  suggest  that  groundwater  variations 
are  not  significant  influences  on  the  trends  suggested  by  level- 
ing data  i rends  in  the  Atlantic  Coastal  Plain  extend  well  into 
the  Piedmont,  and,  in  general,  there  is  a poor  correlation 
between  aquifer  patterns  (e.g.,  the  limestone  sections  respon- 
sible for  karst  topography)  and  vertical  movement  trends 
[Meinzer,  1959 : Domenico,  1972].  Since  the  groundwater  level 
is  u function  of  a number  of  variables,  including  precipitation 
fates,  surface  runofT,  and  aquifer  type,  it  is  difficult  to  under- 
stand how  coherent  regional  patterns  of  surface  movement 
could  result  from  its  natural  variation.  However,  until  more  is 
learned  about  the  relationship  between  secular  groundwater 
variations  and  resulting  vertical  motions  of  the  surface,  h\  dro- 
logic  factors  cannot  be  completely  dismissed.  It  is  possible  that 
'hese  factors  may  be  responsible  fur  the  apparent  shon-urm 
variations  in  rates  of  vertical  movements.  For  the  purpose  of 
invcstjfatutji  ih*  comtiHksri*  ct  «Hial  crustal  moika  * with 


geological  and  geophysical  parameters,  the  influence  of  hydro- 
logic  factors  will  be  ignored  in  the  remainder  of  this  paper. 

The  Savannah  ‘uplift’  occurs  in  the  southeast  Georgia  basin, 
a structural  low  for  most  of  the  Cenozoic,  with  a possible 
Cretaceous  basement  ridge  (Yamacraw)  near  Savannah 
[Cramer,  1969].  The  absence  of  certain  sequences  in  the  stra- 
tigraphic record  of  the  basin  indicates  intermittent  uplift  of  the 
area  relative  to  sea  level  [Murray,  1961].  Thus  a short  relative 
uplift  of  this  arc3  at  the  present  time  would  not  be  inconsistent 
with  the  basin’s  Cenozoic  history.  The  relative  uplift  of  the 
continental  side  of  the  Coastal  Plain  as  indicated  by  precise 
releveling  agrees  well,  at  least  in  sign,  with  the  apparent  uplift 
of  Pleistocene  terraces  both  on  the  Atlantic  and  Gulf  Coast 
coastal  plains  [Flint,  1940;  Murray,  1961;  Oaks  and  Dubar, 
1974],  Discriminating  between  terraces  caused  by  uplift  of  the 
continent  relative  to  a stationary  sea  level  and  those  formed  by 
eustatic  changes  in  sea  level  is  not  a trivial  problem  [Bloom  el 
a!.,  I9"4],  The  uncertainty  in  the  ages  of  the  U.S.  coastal 
terraces  makes  it  difficult  to  estimate  the  rates  of  uplift  relative 
to  sea  level  for  these  terraces.  By  using  estimates  ol  eustatic  sea 
level  fluctuations  derived  for  the  raised  coral  reef  terraces  in 
New  Guinea,  Barbados,  and  elsewhere,  Bloom  [1974]  made 
estimates  of  the  relative  uplift  of  Atlantic  coastal  Krraees 
w hich  agree  w ithin  an  order  of  magnitude  w ith  rates  of  relative 
upLfl  indicated  by  ivt  IF*  CVtatfil  Plain  fw^ertcrtl 


horizontality  of  Atlantic  coastal  terraces,  although  recently  peripheral  bulge  in  southeastern  Mississippi.  Walcott  pointed 
questioned  [Oaks  and  Dubar,  1974],  argues  against  any  long-  to  the  gravity  high  at  this  location  as  evidence  of  a forebulge 
term  northward  tilting  of  the  Atlantic  Coastal  Plain  [Cooke,  The  uplift  indicated  by  leveling  in  southeast  Mississippi  may, 
1930;  Flint,  1940;  Murray,  1961],  such  as  that  indicated  in  therefore,  represent  growth  of  the  forebulge,  modified  perhaps 
Figure  12.  However,  uncertainties  in  correlating  the  terraces  by  preexisting  weaknesses  represented  by  the  Hatchetigbee 
and  measuring  their  altitudes  allow  some  latitude  in  placing  an  anticline  and  Wiggins  uplift, 
upper  limit  to  how  far  back  present  rates  might  be  extrapo- 
lated and  still  be  undetected  in  terrace  morphology  [Flint,  Appalachian  Highlands 

1940;  Doering,  1960;  Oaks  and  Dubar,  1974],  por  the  purposes  of  this  paper,  the  Appalachian  Highlands 

The  tilt  of  the  Atlantic  Coastal  Plain  down  to  the  north,  as  will  be  considered  as  being  comprised  of  four  separate  parts 
indicated  by  leveling,  does  not  agree  in  magnitude  with  that  (Figure  5).  From  east  to  west  these  divisions  are  the  Piedmont, 
indicated  by  analysis  of  tide  gage  data  [Hicks  and  Shofnos.  the  Blue  Ridge,  the  Valley  and  Ridge  and  the  Appalachian 
1965;  Hicks,  1972 a,  b,  1973],  As  can  be  seen  in  Figure  12,  Plateaus  (or  foreland  basin).  We  will  be  concerned  with  the 

leveling  indicates  that  Savannah,  Georgia,  is  rising  with  re-  southern  and  central  Appalachians  in  this  paper,  where  the 

spect  to  Norfolk,  Virginia,  at  a rate  of  about  10  mm/yr,  above  classification  is  applicable  [Fenneman,  1946;  Rodgers, 
whereas  tide  gage  records  (Figure  15)  show  a difference  of  only  1970]. 

about  1.5  mm/yr  in  the  same  dhection.  The  larg»  number  of  Profiles  A and  B ^Figures  7 and  8)  traverse  the  Appalachian 
sources  of  contamination  for  tide  gage  measurements  from  Highlands  in  the  central  and  southern  sections,  respectively, 

factors  other  than  secular  sea  level  changes  makes  such  infor-  Both  profiles  indicate  that  the  Highlands  region  is  presently 

mation  extremely  suspect  [Higgins,  1965;  Meade  and  Emery,  being  uplifted  relative  to  the  coast  at  rates  of  up  to  6 mm/yr. 

1971-  Emery  and  Uchit-i  1972'  Kaye  and  Stuckev  1973-  Ra-  |ji  bCirh  ttfiuerces  i here  appear  r iIUt  pew  t ul  rtlalfuf 

lazs.  1974],  Therefore,  tidal  trends  are  not  used  in  this  paper.  velocity  superimposed  on  this  broader  uplift.  In  Pennsylvania, 

Tht  Ocala  uplift  is  one  part  ol  the  Cealu  Jieh,  the  uthei  peaks  Can  be  seen  near  Hal  i is'ouig,  Tyrone,  and  possibly  FiliS- 

parts  being  the  central  Georgia  uplift  and  the  Peninsular  arch,  burgh.  The  Harrisburg  feature  is  located  near  the  eastern 

both  subparallel  to  and  east  of  the  Ocala  uplift  [Murray,  1961).  boundary  of  the  Valley  and  Ridge  province  along  a northward 

The  central  Georgia  uplift-Peninsular  arch  represents  the  late  extrapolation  of  the  eastern  limit  of  the  Blue  Ridge  province. 

IfelcusjMf  asm  J MisiViuC  aut  of  nuuLwom  upAib  whsm*.  i hr  Uftf#  pi  riel  «•  ,>.n  hj  SwwawfaUy  t-bi*  flr.Hi  n Ibt 

Ocala  uplift  is  the  center  of  Cenozoic  uplift,  i.e.,  there  has  been  western  boundary  fault  of  a Triassic  graben  filled  with  sedi- 
a westward  migration  of  the  axis  of  maximum  relative  uplift  rr.ents  of  the  Newark  group  [King,  1969a],  The  Tyrone  feature, 

| Murray , 1961].  Rtleveling  data  suggest  that  the  pattern  of  j more  pronounced  peak,  is  located  at  the  western  limit  of  the 

contemporary  vertical  movements  in  Florida  represents  a con-  Valley  and  Ridge  province,  i.e.,  the  Allegheny  Front  [A'//ig, 

tinuation  of  this  trend.  The  present  axis  of  maximum  relative  1969a).  The  Pittsburgh  feature  appears  upon  close  exam- 

uplift  has  migrated  parallel  to  and  west  of  the  Ocala  uplift  ination  to  be  a relative  velocity  minimum  east  of  Pittsburgh 

(contpure  Figures  5 and  >5l  This  migration  may  he  illusory.  rathe*  iti/n.  a r is 1 1 ■ “i  icel  hj  tlr  west  4v*  c’tj  Tbet* 
for  it  is  difiieujt  to  understand  why  such  a pattern  should  does  not  appear  to  be  any  prominent  geological  structure 
persist  coherently  for  such  a long  time  interval  given  the  com-  associated  with  this  feature.  Near  the  western  limit  of  the 
plex  gculugu.  hialuiy  of  the  aKa.  3 he  htuad  uplift  m southeast  Appalachian  Plateaus  theie  is  j very  pronounced  minimum  in 
Mississippi  and  southwest  Alabama  corresponds  to  the  Hatch-  the  relative  velocity  curve. 

etigbee  anticline  and  Wiggins  uplift  (Figure  5).  Active  during  In  the  southern  Appalachians,  similar  secondary  features  in 
the  early  Tertiary,  these  structures  lie  at  the  junction  of  the  the  releveling  profile  can  be  seen.  Peaks  in  relative  velocity 
OwaehU#  w»d  Vpp  a*  foWortte,  #4  wart  of  which  oear  G v&tetaro;  Wurth Car. anJ  AahevHk,,  NorthCaro 

is  as  yet  unknow  n [King,  1959,  1969a;  Murray,  1961],  As  will  lina  (about  170  km  east  of  Morristown,  Tennessee)  dominate 

be  shown  later,  relative  uplift  characterizes  relevcliug  results  in  profile  B Structurally,  the  rin-encbnro  feature  occurs  at  Ibc 

the  Appalachian  Highlands,  therefore  relative  uplift  at  this  western  boundary  of  the  Carolina  slate  belt  [King,  1955],  The 
junction  is  not  a complete  surprise.  However,  the  profile  in  Asheville  peak  occurs  at  the  boundary  between  the  Piedmont 
Figure  9 indicates  relative  stability  north  of  this  junction,  im-  and  the  Blue  Ridge  provinces,  structurally  corresponding  to 
plying  that  extrapolation  of  relative  velocity  trends  along  the  the  Brevard  fault  zone  [A'wg,  19696],  In  contrast  with  profile 
Appalachian*  It  Ml  valid  Iter  Iter  rrin  Itrgtfi  df  lb*  A,  iltcn  nui’S|V«u  ,n  t*  * prwrfrwi  iwrw.*",,* 

belt.  Profile  D (Figure  10)  shows  that  ihe  Black  Warrior  basin  the  western  boundary  of  the  Appalachian  Highlands  province, 

is  presently  being  uplifted  relative  to  the  Central  Lowlands,  a Profile  E (Figure  1 1 ) crosses  the  Appalachian  Highlands  in  a 
pattern  which  will  be  shown  to  be  characteristic  of  the  Appula-  nouh-south  direction.  In  general  this  profile  shows  a tilt  down 
chian  foreland  basin  to  the  north  (Figures  7 and  8).  It  there-  to  the  south  for  the  Appalachian  Plateaus  and  Valley  and 
fwe  www  p*a«lb(e  to  atwiCtm:  these  vertical  Ridge  pwvtoces.  Hwewet,  Are  to  flu.  meantfci  of  the  leveling 

movements  in  the  central  Gulf  Coastal  Plain  to  the  underlying  route  between  Portsmouth,  Ohio,  and  Morristown,  Tennessee, 
extensions  of  the  Paleo/oin  App'il'tfhi:in.{Jirirhiei  fold  sys-  it  is  difTif-nR  ^ (nlrrprei  sCCumlary  UC'idfi  in  this  IVgrtWCA. 
tern.  However,  the  very  fact  that  these  extensions  are  buried  There  is  a minimum  in  the  curve  at  Portsmouth,  Ohio,  near  the 
whereas  the  portions  of  the  foldbelt  to  the  north  are  exposed  western  limit  of  the  Highlands.  Pronounced  minima  also  occur 
indicates  quite  dissimilar  movements  in  the  past,  thus  making  south  of  Morristown,  Tennessee,  and  south  of  Atlanta, 
inference  based  on  similarity  of  recent  movements  question-  Georgia.  Between  these  two  minima  is  a region  of  broad  rcla- 
Obbr  Por  turepfe*  tV  *wt4Nwr  UvMtowfp*  ‘nay  rkU  V tin1  upFA,  1.0  tbe  wawsc  of  the  leveling  route 

associated  with  movements  in  the  Appalachian  orogenic  trend  in  the  Valley  and  Ridge  province  around  the  southern  limit  of 
at  all,  but  rather  with  sedimentation  in  the  Mississippi  della,  the  Blue  Ridge.  The  segment  between  Atlanta,  Georgia,  and 
Walcott  [1972a]  proposed  a sediment-loading  model  for  the  Rockniart,  Georgia,  also  suggests  a minor  peak.  This  peak  can 
Mississippi  delta  region  which  calls  for  the  formation  of  a be  correlated  geographically  with  the  Brevard  fault  zone,  al- 
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though  here  the  fault  is  located  within  the  Piedmont  and  not  at 
its  boundary  [King,  19696].  Small  peaks  in  relative  velocity  can 
also  be  recognized  just  south  of  Portsmouth,  Ohio,  and  just 
north  of  Columbus,  Georgia. 

Before  the  correlation  of  these  features  with  geological  pa- 
rameters can  be  assessed,  one  should  note  that  many  of  the 
peaks  in  relative  velocity  show  a striking  correlation  with  abso- 
lute elev.itiuit  (I  iguies  / and  6).  tlevatioii-corrclatcd  errors 
would  appear  to  be  a possible  explanation  for  these  move- 
ment*. l ive  o?tW+e  a/  tl  err  f-s  s rtf  the  j snnwliurd 

with  their  interpretation  were  discussed  above.  In  order  to 
provide  an  estimate  of  the  amount  of  correlation  between 
elevation  and  elevation  changes  as  a function  of  position  along 
the  leveling  route,  the  ratio  c - aM/^h  was  calculated  for 
each  bench  mark  interval  and  plotted  versus  distance  along  the 
profile  f^u’m  for  the  portion  prefifi.  B berwedr  T*turri*l''Wn, 
Tennessee,  and  New  Bern,  North  Carolina  (figure  14),  This 
segme.A  has  the  lowest  values  of  c and  the  n.ost  cot  st'Mcm  time 
interval  of  any  of  the  profiles.  Figure  14  shows  the  results  of 
this  calculation.  Values  of  c greater  than  20  cm/100  m rise 
were  plotted  at  this  value  for  scaling  convenience.  The  eleva- 
tion curve  is  also  shown  for  orientation.  The  majority  of  values 
for  c ate  sigTTtftemrtly  terteT  than  those  tme  eotBd  atwfbt**  to  mi 
elevation-correlated  error  such  as  refraction.  Although  some 
of  the  values  for  c corresponding  to  the  elevation  peak  near 
170  km  do  lie  within  the  error  limits,  most  do  not.  Almost 
none  of  the  values  corresponding  to  the  elevation  peak  at  410 
Un  lit  within  crt-iif  Smt».  Hvwir-ef,  for  *{.„«  disthf -ce  it  ref 
vals  and  small  elevation  differences,  random  error  may  easily 
exceed  the  systematic  error  and  result  in  apparent  values  of  c 
which  bear  no  relation  to  actual  elevation-correlated  errors.  In 
order  to  minimize  the  influence  of  random  error,  the  profile 
w as  broken  up  into  segments  of  considerable  length.  Thv  net 
elevation  difference  (A/i)  and  relative  elevation  change  (dSh) 
for  the  entire  segment  were  then  used  to  calculate  an  'effective' 
r.  The  resulting  values  are  shown  as  horizontal  bars  over  the 
segment  interval. 'In  all  of  the  segments  the  effective  values  for 
r exceed  the  limits  for  refraction  error  and  are  positive  in  sign. 
The  correlation  between  absolute  elevation  and  relative  veloc- 
ity cannot,  therefore,  be  attributed  solely  to  known  types  of 
leveling  error.  Karcz  and  Kafri  [1971,  1973]  have  reported 
similar  correlations  in  the  Negev  of  southern  Israel,  although 
the  nature  of  the  correlation  there  is  negative,  i.e.,  high  eleva- 
tion associated  with  relative  subsidence.  Although  negative 
correlations  may  be  present  in  certain  segments  of  these  pro- 
files, by  far  the  most  prominent  correlations  are  positive.  The 
wrf-fcarron  tfnzrefure  is  that  the  tayCgwr-bJ1  of  i'*  ripprflfc- 
chians  is  at  least  partially  attributable  to  some  dynamic  mecha- 
nism which  is  currently  active  and  not  solely  to  differential 
erosion.  Hack  [1973]  finds  an  erosional  disequilibrium  in  the 
southeast  Appalachians  which  corresponds  spatially  with  the 
relative  velocity  maximum  near  Asheville,  North  Carolina. 
Relative  uplift  of  this  area  such  as  that  indicated  by  leveling 
could  easily  explain  the  anomalous  stream  gradients  in  the 
area.  It  should  also  be  noted  that  the  spatial  pattern  of  high 
stream  gradient  parameters  calculated  bv  Hack  for  the  Win- 
ston-Salem quadrangle  suggests  eloneate  zones  trending  north- 
east, As  will  be  shown  later,  leveling  results  suggest  a pattern 
fWnsttfcaWy  shliihn  to  tf.Ji  fvalreMeJ  by  the  s treat u 
gradients. 

The  over-ill  uplift  of  the  Appalachian  Highlands  relative  to 
toast  is  consistent,  at  least  in  sign,  with  thi  pOst-Triassic 
'crtical  history  of  the  area  inferred  from  the  clastic  sediments 
of  the  Atiartie fivatgin.  Tin;  f*re*  Ceiwmfnid 


from  leveling  are,  in  general,  higher  than  those  determined 
from  geologic  information,  Owens  [1970]  suggested  that  the 
uniformity  of  Pliocene  and  Quaternary  elastics  implies  a gener- 
ally uniform  uplift  along  the  entire  central  and  southern  Ap- 
palachians. However,  the  sedimentary  record  reflects  lime  av- 
erages of  complex  tectonic  movements,  erosion,  and  transport 
processes.  As  indicated  by  the  present-day  southward  till  of 
the  Appalachian  Highlands  (Figure  11)  ard  the  nouhwwil 
tilt  of  the  Atlantic  Coastal  Plain  (Figure  12),  simple  extrapola- 
te** bawd  Xhp.  wdiruaMafy  uatd  may  be  misleading 
when  trying  to  predict  trends  of  recent  crustal  movements. 

The  rates  of  uplift  of  the  Appalachians  relative  to  the  coast 
measured  by  releveling  range  up  to  6 mm/yr.  Such  rales  are  at 
variance  with  those  derived  by  analysis  cl  coastal  margin  sedi- 
ments as  well  as  with  estimates  of  the  amount  of  sediments 
f ttscnfly  fttftlg  trwrtpwrted  AppdiHfhiiif.  Rmio* 

to  the  ocean.  Menard  [1961]  calculated  from  the.  volume  of 
App  d ir'hi  in-rli'rived  sediments  Ihnl  the  erosion  rale  over  the 
past  125  m.y.  has  averaged  0.062  mm/yr.  Based  on  the  sedi- 
ment load  transported  by  rivers  with  drainage  basins  in  the 
Appalachians,  Menard  estimated  the  present  rate  of  erosion  to 
be  about  0.008  mm/yr,  which  agrees  well  with  the  earlier 
MlifUaK*  of  Vub  iJlJ  SUdJrw  [l'*JV{  hi?  Lhi  *s’-jrrJl  A till  It*  ii! 
streams.  Gilluly  [1964]  examined  such  calculations  and  con- 
cluded that  the  results  would  not  be  significantly  changed  by 
consideration  of  second-order  erlecls.  Ahner  ]1970],  assuming 
that  rales  of  stream  incision  were  equal  to  rates  of  uplift, 
obtained  of  Vertical  u over  ami  ct  f*u  »rd*r  J 

0.02-0.03  mm/yr.  Schunttu  [1963]  estimated  that  I mm/yr  is  a 
reasonable  maximum  denudation  rate.  The  present  rales  of 
uplift  of  the  Appalachians  exceed  these  estimates  by  up  to  2 
orders  of  magnitude.  This  discrepancy,  noted  by  Mescherikov 
11959],  Schu>»m  ]lv63],  and  Ci'fiufy  [IMsk],  clearly  limit*  li  e 
lime  interval  during  which  such  movements  can  operate.  Oth- 
erwise, an  Appalachian  mountain  system  10  km  high  could  be 
generated  in  a few  million  years.  Although  the  exponential 
relationship  between  erosion  rates  aid  elevation  [Schumm  and 
Hadley.  1961]  might  limit  the  actual  maximum  elevation 
attainable,  the  volumes  of  sediments  supplied  in  such  a situa- 
tion, given  present  rates  of  uplift  as  indicated  by  relexeling, 
would  be  much  greater  than  those  observed.  The  movements 
indicated  by  releveling  in  the  Appalachians  must  therefore  be 
episodic  or  periodic,  with  periods  of  much  less  than  I0tyr.  The 
reversals  in  tilt  directions  discussed  previously  suggest  that 
these  periods  might  even  be  on  the  order  of  I05  yr.  If  these 
measurements  represent  true  tectonic  movements  with  periods 
lea  fflfen  ltf  ys,  tfw  -mJJt  we  snail  that  ilti*  wiwy 
compared  with  post-Triassic  time,  should  be  one  of  rapid 
motion.  Il  is  difficult,  therefore,  to  bridge  the  gap  between 
recent  movements  and  earlier  geologic  crustal  motions  on  the 
basis  of  similar  directions  of  movement  alone. 

The  secondary  movements  in  the  Appalachian  Highlands 
delineated  by  releveling  are  difficult  to  interpret.  They  might 
be  attributed  to  very  local  mechanisms  (e.g..  mining,  local 
diapirism,  etc.).  However,  absence  of  reasonable  local  mecha- 
nisms in  most  cases  coupled  with  the  fact  that  most  of  these 
features  are  located  at  or  near  major  geological  and  tectonic 
boundaries  suggest:  that  these  movements  are  related  to  large 
seals.  ofVte eafthT  tru: :.  Ir  Figure  ltd  tic  relative 

velocity  maxima  and  minima  have  been  plotted,  along  with  the 
major  structural  provinces  of  the  eastern  United  Stales.  The 
similar  character  of  the  relative  velocity  cuTvvs  in  profile  A 
between  Massillon,  Ohio,  and  Atlantic  City,  New  Jersey,  and 
ire fl  between  Morer-slowTh  a’d  Vew  bof  . 


„ ...... 


Fig.  16.  Map  of  -secondary’  relative  velocity  features.  Solid  circles  denote  relative  velocity  maxima,  open  circles  relative 
velocity  minima.  Larger  circles  represent  better-defined  features,  (a  .)  These  features  are  plotted  on  a generalized  tectonic 
and  geologic  map  [after  King,  19696;  Goddard  ei  al.%  1965).  ( b ) An  interpretation  of  possible  correlations  between  ihcsc 
features  is  shown.  Also  shown  in  (6)  is  the  Appalachian  drainage  divide  (heavy  dotted  line)  [Rodgers,  19731.  (c)  An 
alternative  correlation.  I,  Interior  Plains; 2,  Appalachian  foreland  basin;  3.  Valley  and  Ridge; 4,  Piedmont-  5 Blue  Ridge  6 
Coastal  Plain;  7.  base  of  the  Pennsylvanian;  8.  extensions  of  the  Brevard  fault  zone  into  the  Piedmont.  Striped  areas  are 
Triassic  basins;  area  marked  with  carets  represents  the  Carolina  slate  bell. 


North  Carolina,  invites  a correlation  such  as  that  shown  in 
Figure  166.  The  trends  indicated  by  such  a correlation  cut 
across  the  structural  grain  of  the  Appalachians  in  a manner 
similar  to  that  of  the  Appalachian  drainage  divide  [Thornbury, 
1965;  Meyerhojf,  1972;  Hack,  1973].  Such  a correlation  implies 
that  present-day  vertical  movements  in  the  Appalachians  as 
indicated  by  releveling  are  independent  of  the  near-surface 
structure  of  the  region  and  are  possibly  related  to  the  processes 
responsible  for  establishing  the  Atlantic  drainage  divide.  Such 
an  interpretation  of  the  leveling  data  is  not  unique,  however.  If 
it  is  assumed  that  these  movements  are  controlled  by  the  near- 
surface  structure  of  the  Highlands,  an  alternative  correlation 
can  be  made  (Figure  16c).  The  trend  of  these  lines  matches 
that  found  by  Hack  [1973]  from  disequilibrium  stream  profiles 
at  the  Blue  Ridge  escarpment.  Both  of  these  interpretations 
differ  significantly  from  that  of  Meade  [1971],  who  postulated 
a broad  domal  uplift  at  the  southern  termination  of  exposed 
Appalachian  structure.  The  lack  of  good  quality  lev  eling  data 
in  mountainous  regions  makes  choosing  between  such  altei  na- 
tives difficult. 

Although  the  similarities  in  the  movements  of  the  central 
and  southern  Appalachians  have  been  stressed  above,  a 
significant  difference  is  also  revealed  in  the  shape  of  the  rela- 
tive velocity  profiles  at  the  western  boundary  of  the  Highlands 
region.  Profile  A (Figure  7)  shows  a prominent  minimum  in 
the  curve  at  Massillon,  Ohio,  near  th»-  .vestern  limit  of  the 
Appalachian  Plateaus  (Figure  5).  Pronle  B (Figure  8)  is  rela- 
tively flat  across  this  region,  even  considering  the  oblique  angle 
at  which  the  leveling  route  traverses  the  boundary.  If  the  char- 
acter of  these  movements  is  controlled  by  Appalachian  struc- 
ture, otie  would  expect  to  see  a corresponding  difference  in  the 


tectonics  of  the  central  and  southern  Appalachians.  Such  a 
difference  does  exist.  Possibly  related  to  this  difference  is  the 
change  in  the  style  of  deformation  in  the  Valley  and  Ridge  us 
one  progresses  from  north  to  south;  the  Valley  and  Ridge  of 
Pennsylvania  is  characterized  by  folding  while  that  of  Tennes- 
see is  dominated  by  low-angle  thrust  faulting  [King.  1959], 

Interior  Plains 

Profiles  A and  D (Figures  7 and  10)  cross  parts  of  the 
Interior  Lowlands  in  east-west  and  north-south  directions, 
respectively.  Profile  B (Figure  8)  crosses  the  Interior  Low 
Plateaus  region  in  an  east-west  direction.  The  most  prominent 
characteristic  of  vertical  crustal  movement  in  the  Interior 
Plains  region  east  of  the  Mississippi  River  is  an  eastward  tilt. 
From  profile  A,  it  is  seen  that  Davis  Junction,  Illinois,  is  rising 
at  a rate  of  16  mm/yr  with  respect  to  Massillon,  Ohio.  The 
gradient  of  the  velocity  curve  over  the  Lowlands  in  this  profile 
appears  to  be  constant  from  Massillon,  Ohio,  to  about  50  km 
west  of  Deshler,  Ohio,  at  about  3.4  X I0~'  rad/yr  east.  Front 
50  km  west  of  Deshler  to  Davis  Junction,  the  relative  velocity 
eurve  oscillates  about  a gradient  of  1.5  X 10'*  rad/yr  east,  in 
an  en  echelon  manner.  The  segment  of  profile  B from  Somer- 
set. Kentucky,  to  Wickcliffc,  Kentucky,  runs  parallel  to  profile 
A and  also  shows  a dominant  eastward  tilt.  The  macnitude  of 
the  tilt  in  the  southern  Interior  Plains  is  about  1.0  x~IO_*  rad/ 
yr  east,  with  an  imbricate  offset  near  Park  City,  Kentucky.  The 
imbricate  velocity  patterns  appear  to  have  no  counterparts  in 
the  geology  along  the  leveling  routes.  The  total  velocity  differ-  ’ 2 
ence  between  Somerset  and  Wickcliffc  is  only  3.5  mm/yr 
Scattered  segments  of  east-west  releveling  located  betw  eci  pro-  I 
files  A and  B tend  to  confirm  a regional  eastward  tilt  (Figure 
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(JJ.  At  tmrtpUoM  fe  itv*  Mg' it  * W pr^vt+E’^  fr\  ffl  MUfHll 
Indiana,  lo  Vincennes,  Indiana  (c/in  Figure  13)  winch  shows  a 
till  rate  of  about  0.)  X 10"'  rud/yr  west.  This  line  terminates 
on  the  west  near  a region  of  relatively  high  seismicity  [Coffman 
and  von  Hake , 1973).  Considerably  more  corroborative  level- 
ing data  are  » eedvJ,  It  jwevtr,  tiijre  the  signilicar  ee  f If, if 
exception  can  be  established. 

Profile  D,  crossing  the  Interior  Lowlands  in  a north-south 
direction,  is  of  generally  poorer  quality  than  the  other  profiles. 
It  shows  a slight  southward  till  in  northern  Illinois,  a fairly 
broad  relative  velocity  peak  in  southern  Illinois,  and  a relative 
velocity  minimum  in  western  Tennessee  where  the  line  has 
|Wiud  who  the  M'Si'Tsippi  « fiTj^yro^fU  jWi  of  the  C-oiwid 
Plain  province. 

Again,  correlations  can  be  found  between  these  movements 
and  geologic  structure.  Profile  A is  generally  confined  to  cross- 
ing structural  highs  in  the  Interior  Lowlands,  traversing  the 
Findlay  arch  in  western  Ohio,  and  then  running  along  the 
strike  of  the  Kankakee  arch  through  northern  Indiana  and 
Illinois  (Figure  5).  The  east-west  segment  of  profile  B crosses 
the  Cincinnati  arch  between  Somerset,  Kentucky,  and  Park 
City , Kentucky,  then  passes  along  the  edge  of  the  Illinois  basin 
into  the  Mississippi  embaymenl.  The  offset  in  profile  B occurs 
very  close  to  the  eastern  boundary  of  the  Illinois  basin.  The 
relative  uplift  in  southern  Illinois  corresponds  well  spatially 
with  the  Rough  Creek  fault  zone,  an  east-west  trending  region 
of  disturbed  Paleozoic  strata  unique  in  the  Interior  Lowlands 
I Gardner,  1915;  Clark  and  Boyds, , 1948;  King , 1969a). 

The  predominantly  eastward  till  of  the  Interior  Plains  as 
indicated  by  Wc'h  {grttmr  Ho  be  in  Oofil'icl  wittih* 
southwest  tilting  that  Walcott  ( 19726)  reports  from  analysis  of 
water  level  measurements  in  the  Great  Lakes  region  (Figure 
15).  Prolile  A,  an  east-west  line,  should  be  free  of  tidal  errors; 
moreover,  due  to  the  lack  of  significant  topography  along  its 
toute  in  the  Interior  Plains,  it  can  be  considered  free  from 
elevation-correlated  error.  To  reconcile  these  two  disparate 


trends,  both  based  on  data  covering  roughly  the  same  time 
interval,  one  must  postulate  a ‘hinge’  line  just  south  of  the 
Great  Lakes.  Structurally,  the  Kankakee  arch  may  serve  this 
purpose,  in  a manner  analogous  to  that  of  the  Cape  Lear  arch 
in  the  Atlantic  Coastal  Plain.  The  'act  that  the  prcglaeial 
drainage  divide  for  the  Central  L wlands  was  also  located 
along  this  ‘hinge’  line  [Thornbttrv  1965),  as  well  as  its  signifi- 
cance as  the  partition  between  the  Illinois  and  Michigan  ba- 
sins, suggests  that  the  hinge  line  exerts  a fundamental  control 
on  the  past  and  present  evolution  of  the  Central  Lowlands. 
Unfortunately,  very  few  good  leveling  data  are  available  in  the 
Illinois  and  Michigan  basins.  The  nature  of  basins  in  ‘stable’ 
continental  interiors  (autogeosynclines;  Kay  (1951))  is  little 
understood.  Knowledge  of  their  present  behavior  might  shed 
significant  light  on  their  causes  ) Joyner , 1967). 

Seismicity 

Although  great  progress  has  been  made  in  the  last  few  years 
in  undemanding,  t’..c  diuribitiOor,  and  causes  of  cauLo, uaV.es  in 
the  major  seismic  bells  around  the  world  [/jarCv  et  a!.,  1 96b], 
very  little  is  understood  about  the  seismicity  of  normally  aseis- 
mic  regions.  According  to  the  principles  of  plate  tectonics, 
tl  i vn  ppj k>  i,  nvhxkT  we  tocattsS  away  F.  <,  tVy  ixmuviwiw  of 
lithospheric  plates,  should  ae  tectonically  passive  [ Morgan , 
1968).  Whereas  plate  boundary  seismicity  can  be  associated 
with  horizontal  movement,  e.g.,  along  a transform  fault,  or 
vertical  movement,  e.g..  at  the  boundaries  of  a down-going 
lithospheric  slab,  the  relationship  between  crustal  movements 
*ni)  i-i  br&ptiM  RejtirtfA  if  tueb  t t*Uhiwi sFip  rt- 

ists,  is  unknown.  Although  a large  amount  of  documentation 
now  exists  on  earthquakes  in  the  eastern  United  States  [Dut- 
ton, Ibsv,  Fuller,  I vie;  Hetnrtc 7,  1941;  1 Vootlard.  1958;  brad- 
ley  et  at.,  1965;  Bollinger , 1972),  until  quite  recently  almost 
twL1'  g tatrs  btci  Iw.uw.  abirtft  enzdal  fr,c<  eiirrf.+s  ir,  t!,e  Hts. 
Attempts  have  been  made  to  correlate  seismicity  in  the  eastern 
United  States  with  various  factors,  including  geologic  struc- 
ture l IS’oollard,  lv58;  Fox , 1970),  magnetic  anomalies  \Stzaler. 
1966],  postglacial  rebound  [Fox,  1970],  water  loading  in  rivers 
| McGinnis , 1963],  and  topographic  elevations  [Oliver  and 
I sacks , 1971).  Following  a suggestion  by  Oliver.  Bollinger 
{W'J  mtmpwxJ  to  ci'mlaw  wii  virity  ui"  tmjr*l  cuimmI 
movement  using  Meade's  preliminary  isobase  map  [ Meade, 
1971).  Bollinger  suggested  that  seismicity  in  the  southern  por- 
tion of  the  Appalachians  is  correlated  with  a relative  minimum 
in  the  uplift  pattern,  bounded  on  the  south  by  an  uplift  near 
Atlanta,  Georgia.  Meade’s  map,  however,  suffers  from  the 
sources  of  distortion  inherent  in  adjustment  procedures  used 
on  data  from  different  lime  intervals.  As  proposed  earlier, 
alternative  patterns  of  vertical  crustal  movement  are  suggested 
by  the  releveling  data. 

In  Figure  17,  the  trend  lines  of  Figure  16  are  superimposed 
on  a seismicity  map  of  eastern  North  America.  In  general, 
these  trends  are  subparallel  to  the  Appalachian  seismic  trend. 
However,  the  resolution  of  the  leveling  data  along  the  extrapo- 
lated trend  line  cannot  be  considered  very  good.  Where  the 
resolution  of  the  leveling  data  is  good,  correlations  can  be 
made.  Near  Harrisburg,  Pennsylvania,  and  Asheville,  North 
CAiotifi  tewtlog  hadidrte*  (0  tlx  •eiufUy 

curve,  there  are  concentrations  of  seismicity  [Coffman  and  von 
Hake,  1973).  There  appears  to  be  no  activity  associated  with 
the  relative  velocity  peak  at  Greensboro,  North  Carolina,  and 
very  little  with  the  peak  west  of  Tyrone,  Pennsylvania  There 
does  appear  to  be  a strong  correlation  of  seismicity  and  verti- 
cal movements  near  the  western  boundary  of  the  Appalachian 
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Fig.  17.  Trend  lines  in  Figure  16c  superimposed  on  a seismiciiy  map  of  eastern  North  America.  Seismicity  map 

compiled  by  J.  York  and  J.  Ni. 


Plateaus  province.  Profiles  A and  E show  minima  in  the  rela- 
tive velocity  curves  relatively  close  together.  A line  drawn 
between  the  geographic  positions  of  these  minima  falls  very 
close  to  a belt  of  minor  seismiciiv  trending  northeast  through 
eastern  Ohio  (Figure  17).  The  proximity  of  the  two  lines  and 
their  right  angle  intersection  define  this  minimum  more  pre- 
cisely than  is  usually  possible  for  many  of  the  other  features. 
Given  the  uncertainty  in  the  location  of  the  seismic  events 
[Bradley  et  at.,  1965).  all  lit  well  onto  the  trend  defined  by  these 
minima.  These  relationships  suggest  that  at  least  some  ex- 
tremes in  the  vertical  movement  curves  are  associated  with 
seismicity;  however,  without  further  data  it  is  impossible  to 
demonstrate  that  the  relationship  is  more  than  coincidental.  It 
is  intriguing  to  speculate  about  the  relative  velocity  extremes 
which  appear  not  to  have  associated  seismicity.  Are  they  re- 
gions w here  the  strain  accumulates  via  some  creep  mechanism, 
or  are  they  regions  where  pre.seismic  strain  is  accumulating  in 


preparation  for  future  shocks?  Clearly  the  answer  to  this  ques- 
tion is  of  more  than  academic  interest.  Without  an  under- 
standing of  the  underlying  mechanism  or  a sufficient  number 
of  leveling  data,  the  question  must  remain  unanswered. 

A number  of  leveling  profiles  in  the  NGS  data  base  show 
offsets  in  the  velocity  curves.  At  first  glance  the  movement 
suggests  vertical  faulting  with  the  characteristics  of  the  classic- 
elastic  rebound  model  [Reid.  191  Ij.  However,  the  larue  values 
of  the  offsets  coupled  with  the  lack  of  associated  seismicity, 
field  evidence,  or  continued  movement  in  subsequent  levelings 
for  most  of  these  features  argue  against  their  representing 
actual  ground  movements.  Inquiry  is  presently  continuing  into 
the  cause  of  these  anomalous  movements. 

Conclusions 

From  the  foregoing  discussion  it  is  apparent  that  the  dis- 
crepancies between  results  of  successive  levelings  cannot  be 
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attributed  to  random  processes.  There  are  systematic  correla- 
tions between  patterns  of  vertical  movement  and  geologic 
structure.  The  Atlantic  Coastal  Plain,  as  well  as  the  Gulf 
Coastal  Plain,  is  tilting  down  away  from  the  continental  inte- 
rior. The  Atlantic  Coastal  Plain  between  Pennsylvania  and 
Georgia  is  also  lilting  down  to  the  north  with  a hinge  line  at 
the  Cape  Tear  arch.  The  Appalachian  Highlands  are  being 
uplifted  with  respect  to  the  Atlantic  Coast  at  rates  up  to  6 mm/ 
yr,  The  Interior  Plains  are  lilting  down  to  the  east  at  rates  up 
to  3 X I O'*  rad/yr.  On  a larger  scale,  relative  velocity  maxima 
tend  to  correspond  with  topographic  highs  in  the  Appalachian 
Highlands, 

The  vertical  crustal  movements  in  the  Appalachians  suggest 
long  linear  patterns  of  successive  relative  uplifts  and  sub- 
sidences, One  interpretation  of  the  movements  is  that  the  pat- 
ten. cut?  across  Appalachian  structures  in  u manner  similar  to 
the  Atlantic  drainage  divide.  This  interpretation  implies  that 
ihe  movements  are  independent  of  Xr-ipsliidiinr  Kmu'ULTfl 
Perhaps  the  location  of  the  drainage  div  ide  is  controlled  by  the 
same  mechanism  responsible  for  the  recent  vertical  move- 
ments. The  wavelengths  between  Successive  maxima  aie  about 
.100  km,  which  is  char  :-  (eristic  of  several  lithospheric  loading 
phenomena  [Walcott,  19706],  An  alternative  interpretation  is 
that  the  movements  are  controlled  by  Appalachian  structures 
and  therefore  the  wavelengths  are  Qjiru'i  1-  ,i^|  I Jala 

makes  it  difficult  to  choose  between  these  alternatives.  Clearly, 
how  ever,  the  actual  patterns  of  movement  need  to  be  resolved 
in  order  to  isolate  the  mechanism  responsible, 

Rclevcling  suggests  that  present-day  vertical  movements,  in 
general,  arc  a continuation  of  Phanerozoic  trends  as  recorded 
in  Mesozoic  and  Ceno/oic  sediments  and  terraces  of  the 
Coastal  Plain  and  in  major  Paleozoic  stractural  trends.  How- 
ever, th;  rates  of  present-day  movements  are  up  to  2 orders  of 
magnitude  larger  than  average  rates  over  the  past  135  m.y.  and 
therefore  appear  to  te  relatively  transient  (e,r  eSeillaiuiy ) phe- 
nomena  with  time  constants  less  than  about  10'  yr.  Some 
roceM  g'eut'firal  RJutfitti  tujpr.»t  UlM  uiit  swsrti^J  <.w  knvg 
(geologic)  time  periods  may  be  misleading  in  this  respect  [Mes- 
cherikov,  1967].  Stoss  and  Speed  [1974]  argue  from  analysis  of 
the  sedimentary  record  that  the  Phanerozoic  history  of  conti- 
nental cratons  is  marked  by  oscillatory,  emergent,  or  sub- 
merged modes  of  vertical  movement.  They  conclude  that 
much  of  the  Cenozoic,  incl  jding  the  present,  can  be  classified 
as  oscillatory  rtiaricusiHUl  b$  ItJli  ‘{nOUUjr  <M 

oscillating  with  respect  to  s:a  level;  marginal  and  submarginal 
areas  subject  to  highly  differentiated  uplift  and  subsidence: 
periodicity  of  oscillations  and  uplifts  I01— 10®  years;  wave- 
lengths of  intercratonic  tectonic  elements  I0'-!0J  km;  (and) 
duration  of  episodes  lO’-IO"  years'  [S/orr  and  Speed,  1974], 
The  vertical  crustal  movements  indicated  by  leveling  fit  this 
description  well  with  the  futsi1  U?  '1  ftflw  Uv  a 

areas  with  extraordinarily  high  rates  of  movement,  Even  these  ■ 
exceptions  may  not  be  significant,  given  the  relatively  poor 
lime  resolution  of  most  geologic  information,  With  increased 
resolution  of  geological  and  gcomorphological  data,  it  should 
be  possible  to  successfully  bridge  the  gap  beween  the  long- 
period  (e.g.,  geological)  and  short-period  (e.g.,  leveling- 
denved)  ends  of  the  vertical  crustal  movement  spectrum. 

The  rates  of  vertical  crustal  movement  presented  in  this 
Mudv,  as  well  us  those  found  by  other  investigators  in  the 
f nited  Stales,  compare  very  well  with  those  found  in  other 
Portions  of  the  world.  The  most  extensive  studies  of  these 
movements  have  been  made  in  Japan  and  Eastern  Europe, 
,,H>st  notably  in  the  Soviet  Union,  where  special  observation 


nets  are  leveled  frequently.  Where  is  the  tectonic  setting  of 
Japan  (i.e.,  an  active  island  arc)  contrasts  markedly  with  that 
in  the  eastern  United  States,  portions  of  Eastern  Europe  ap- 
pear to  be  comparable  in  setting  to  the  areas  examined  in  this 
paper,  A comparison  of  the  patterns  of  movement  in  the  east- 
ern United  States  with  those  mapped  by  Mescherikov  [ 1973]  in 
Eastern  Europe  points  up  some  interesting  contrasts.  Whereas 
the  Appalachian  mountain  system  is  presently  rising  with  re- 
spect to  the  interior  United  States  platform  and  the  East 
Coast,  the  Urals  are  subsiding  relative  to  the  Russian  Plat- 
form. On  the  other  hand,  both  the  Russian  Platform  and  the 
Central  United  Stales  Platform  are  lilting  toward  the  east,  It  is 
therefore  very  dangerous  to  extrapolate  the  results  found  in 
one  region  to  other  areas  which  are  structurally  similar,  The 
mechanisms  of  the  movements  may  be  entirely  different, 

The  large  magnitudes  of  these  movements  cannot  tie  ex- 
plained by  several  mechanisms  which  have  been  proposed  for 
i1*  cuv4w4hvrt  of  4,  tittjia,  SL  ,.’s  {Wij  ihrrnraf 
model  for  the  plate  tectonic  evolution  of  the  Atlantic  margin, 
the  sediment  compaction  model  of  Jacquin  and  Boulct  [1970], 
and  the  sediment-loading  models  of  Dietz  (1963]  and  Walcott 
[1970a,  1972a],  while  providing  plausible  mechanisms  for  sup- 
plying the  observed  volumes  of  sediments,  do  not  provide 
explanations  for  the  large  magnitudes  of  present-day  coastal 
til  it  g itiJie*l*d  by  fcwilftne  [IfTt],  Bku.m  [m.7, 

1970],  Walcott  [1972c],  Chappell  (1974],  and  others  h ve  pro- 
posed loading  of  the  ocean  basins  by  melting  glacial  ice  as  a 
mechanism  for  inducing  relative  uplift  of  continental  regions. 
Assuming  equal  areas  of  continental  and  oceanic  crust,  a eu- 
stutic  rate  of  sea  level  rise  of  about  1.0  mm/yr,  tnd  a density 
contrast  of  1 .7  between  the  water  load  and  displaced  continen- 
tal crust,  it  would  seem  difficult  to  account  for  rates  of  relative 
uplift  of  about  5 mm/yr.  Howcve',  as  Bloom  [1967]  pointed 
ou  , the  difference  in  surface  area  between  the  continents  and 
the  oceans  would  cause  a focusing  of  me  loading  response.  In 
addition,  the  rate  of  eustatic  sea  level  rise  might  have  been 
larger  if,  »t,e  Hasl  than  it  is  at  p'v.ertt  1954).  a,.d, 

given  the  high  viscosity  of  the  mantle  [Wolcott.  19726],  there 
could  be  a rather  pomplM  rc.spoi.se  (Jckv  Further  com- 
plications could  arise  from  the  interaction  of  strains  irduccd 
by  lithospheric  end  sublithospheric  driving  mechanisms  with 
near-surface  structure,  which  could  account  for  the  coinci- 
dence of  relative  velocity  features  w it h surface  structure.  Other 
ffltfetftlWWsms  hveWle  Bustatic  -ttf.J  thermal  fespons# 
to  erosional  unloading  [Haxby  and  Turcotte,  1975],  dcviatoric 
stresses  due  to  preexisting  loads  [Ariyushknt.',  I '972].  gravity 
convection  [Artyushkov  and  Mescherikov,  1969],  subcrustal 
erosion  [ Gilluly , 1955],  phase  transitions  in  the  lithosphere  and 
tipper  mantle  [Joyner,  1967;  Magnitsky  and  Kalishnikoia 
1970],  redistribution  or  asthcnospheric  melts  [Sloss  and  Spec  J, 
triple  jwwricm  and  but  spot  evofcftruu  [Ai^y-u^,  1972 
■ Burke  and  Dewey,  1973],  and  lithospheric  interaction  with 
asthenospheric  'bumps’  [Menard.  1973;  Gilluly,  1973],  In  addi- 
tion. certain  nontectonic  near-surface  processes  (e.g,, 
groundwater  variations)  may  be  significant  influences  on  some 
measured  movements,  A more  detailed  consideration  of  driv- 
ing mechanisms  is  outside  the  scope  of  this  study, 

Although  the  rates  of  relative  vertical  movements  deter- 
mined from  leveling  seem  large  by  comparison  with  rates  de- 
duced from  some  forms  of  geological  evidence,  e.g,,  the  sedi- 
mentary record,  these  velocities  do  not  seem  unreasonable  in 
terms  of  other  types  of  geological  information.  Crustal 
rebound  following  Ihe  removal  of  the  ice  caps  surely  exceeded 
I cm/yr  (which  is  about  the  present-day  maximum  rate  in 
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Finland,  see  Kaariainen  [1953]).  Horizontal  velocities  at  the 
surface  associated  with  lithospheric  plate  movements  are  com- 
monly 10  cm/yr,  and  therefore  comparable  velocities  must 
occur  in  parts  of  the  usthenosphe.e.  It  is  difficult  to  conceive  of 
an  earth  with  such  rapid  horizontal  motion  and  no  manifesta- 
tions of  that  motion  in  the  form  of  vertical  movements. 

In  a period  when  the  paradigm  of  plate  tectonics  is  provid- 
ing increased  understanding  of  earth  processes,  vertical  move- 
ments of  the  continents  remain  a little  known  phenomenon. 
The  importance  of  these  movements  for  engineering  planning 
and  seismic  risk  estimation  has  not  yet  been  fully  evaluated 
[Clark  and  Persoage.  I970J,  although  results  here  and  else- 
where dearly  suggest  a close  association  of  seismicity  with 
vertical  crustal  movement.  The  wavelengths  of  the  phenome- 
non which  can  be  measured  by  precise  leveling  range  from 
individual  bench  mark  intervals  (a  few  meters)  up  to  several 
thousand  kilometers  (possibly).  Leveling  measurements  there- 
fore reflect  both  near-surface  and  mantle  processes  alike.  It  is 
therefore  reasonable  to  expect  several  different  mechanisms  to 
be  operating  at  the  same  time.  Clearly,  much  more  releveling 
needs  to  be  done,  not  only  to  expand  areal  coverage  and  test 
models  of  crustal  movement  but  to  investigate  the  temporal 
variations  in  the  rates  of  movement.  Understanding  such  varia- 
tions may  be  the  crucial  step  ir,  determining  the  driv  ing  forces 
behind  recent  vertical  crustal  movements,  Organized  programs 
of  observation  of  vertical  crustal  movements  by  means  of 
leveling  in  selected  areas  in  the  United  States  would  provide 
systematic  results  and  help  to  resolve  many  of  the  uncertainties 
suggested  by  this  work.  Such  programs  must  be  started  as  soon 
as  possible  in  order  to  obtain  results  within  a reasonable  length 
of  time. 
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ABSTRACT 


The  first  detailed  profile  of  apparent  vertical  crustal  movement  along 
the  east  coast  of  the  United  States,  extending  from  Calais,  Maine  to  Key 
West,  Florida,  has  been  produced  from  the  results  of  precise  leveling 
carried  out  by  the  National  Geodetic  Survey.  Comparison  of  this  orofile 
with  that  obtained  from  secular  trends  in  sea  level  data  reveals  a serious 
systematic  disagreement  between  ':he  two  methodss  as  large  as  19  mm/yr. 
Estimates  of  normal  measurement  error  account  for  some,  but  not  all,  of 
the  misclosures  indicated.  Thus  one  of  the  methods  must  be  seriously 
affected  by  some  secular,  non-tectonic  influence.  Although  the  actual 
source  of  this  discrepancy  is  presently  unknown,  these  results  make  it 
possible  to  estimate  its  magnitude,  an  important  step  toward  identification 
of  the  source  and  elimination  of  its  effect.  In  spite  of  the  uncertainty 
raised  by  this  discrepancy,  leveling  and  sea  level  measurements  can  be 
used  to  construct  profiles  of  crustal  movement  which  correlate  with 
geophysical  parameters  and  geological  structure.  The  two  data  sets  bav- 
been  adjusted  using  different  assumptions  as  to  the  source  of  their 
disagreement  to  produce  several  possible  versions  of  a crustal  movement 
profile  along  the  east  coast.  Comparison  of  these  profiles  with 
topography,  depth  to  basement,  gravity,  and  seismicity  indicate  some 
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correlations,  though  weak.  Howover,  there  are  several  significant 
correlations  between  apparent  movements  and  tectonic  and  geomorphic 
features;  in  particular,  the  Connecticut  River  Valley  graben,  the  Chesapeake 
embayment,  the  Cape  Fear  arch,  the  Cape  Canaveral  prominence,  and  the 
Florida  drainage  divide  all  correspond  to  marked  changes  in  the  crustal 
movement  profile.  Analysis  of  93  leveling  profiles  oriented  transverse  to 
the  coastline  indicate  a general  tilting  down  to  the  east-southeast,  with 
significant  variations  of  tilt  direction  in  both  time  and  space. 


Introduction 

Results  of  precise  leveling  surveys  carried  out  over  a number  of  years 
by  the  National  Geodetic  Survey  (NGS)  have  been  used  to  derive  a profile  of 
apparent  vertical  crustal  movements  extending  from  Calais,  Maine  along  the 
Atlantic  coast  of  the  United  States  t:o  Key  West,  Florida.  Comparison  of 
this  profile  with  one  derived  from  sea  level  measurements  (Hicks,  1972,  1974) 
reveals  a serious  discrepancy  between  the  results  of  the  two  techniques. 

The  implications  of  this  discrepancy  for  the  measurement  of  vertical 
crustal  movement  by  leveling  and  sea  level  measurements  are  considered  in 
this  paper.  Apparent  crustal  movement  profiles  are  constructed  based  on 
extreme  assumptions  as  to  the  source  of  this  discrepancy,  and  are  then 
correlated  with  geological  and  geophysical  parameter.  . It  is  fou.  d that 
significant  jrrelaticns  can  be  discerned  which  are  common  to  all  the 
derived  profiles. 

The  recent  tectonics  of  the  eastern  United  Ste  es  is  very  poorly 
understood.  To  a first  approximation,  plate  tecto!  ics  theory  suggests 
that  the  area  should  be  passive.  However,  the  181.  4812  New  Madrid 
earthquakes  (Fuller,  1912)  and  the  1886  Char.’esto,  srtbquake  (Dutton, 

1889),  as  well  as  the  extent  of  recent  seism: cit  Cofiman  and  von  Hake, 
1973),  clearly  point  out  the  fact  that  tectoriic  ;-s  of  some  kind  are 
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presently  active  in  this  intra-plate  region.  Glacial  rebound  (Oliver  and 
Isacks,  1971),  epeirogenic  uplift  (Woollard,  1958),  localization  of 
regional  stress  by  pre-existing  weaknesses  (Fox,  1970),  and  pervasive 
regional  compressive  stresses  (Sbar  and  Sykes,  1972)  are  some  of  the 
mechanisms  put  forward  to  explain  the  contemporary  tectonics  of  the  eastern 
"United  States.  None  of  them  is  completely  satisfying.  The  importance 
of  understanding  the  present  day  tectonic  regime  cannot  be  overestimated 
in  view  of  its  relevance  to  seismic  risk  in  heavily  populated  areas  and 
near  nuclear  power  generation  sites. 

The  poor  understanding  of  what  is  actually  going  on  stems  to  a large 
extent  from  the  lack  of  field  measurements  of  relevant  tectonic  parameters. 

The  seismic  record  is  too  short  and  too  sporadic  to  be  properly  exploited. 
Systematic  measurement  of  the  existing  regional  stress  field  is  only 
beginning  and  the  results  are  fraught  with  ambiguity  (Sbar  and  Engelder,  1976) 
On  the  other  hand,  the  data  base  of  leveling  measurements  collected  by  the 
National  Geodetic  Survey  represents  a substantial  amount  of  presently 
available  information  relevant  to  this  subject.  Proper  analysis  and 
interpretation  of  th.  a data  could  provide  important  clues  to  unraveling 
the  nature  of  crustal  stability  in  the  eastern  United  States. 

The  first  attempt  to  analyze  leveling  data  in  the  United  States  to 
determine  crustal  movements  on  a regional  scale  was  made  by  Small  (1963) . 
Outside  of  areas  known  to  be  undergoing  subsidence  due  to  groundwater 
withdrawal  (Small,  1961;  Poland  and  Davis,  1969)  or  reservoir  loading 
(Longwell,  1960),  little  was  known  of  movements  in  the  United  States  until 
Meade  (1971)  published  a preliminary  map  of  crustal  movement  rates  in 
the  East.  Using  more  appropriate  adjustment  procedures,  Holdahl  and 
Morrison  (1974)  presented  relatively  detailed  maps  of  rates  of  crustal 
movements  in  the  Chesapeake  Bay  and  Gulf  Coast  areas,  incorporating 
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results  from  sea  level  measurements.  Balazs  (1974)  extended  the 
Chesapeake  Bay  results  north  to  Kew  York  City  and  south  to  Charleston, 
South  Carolina.  Using  a different  approach,  Brown  and  Oliver  (1976) 
examined  long  profiles  of  apparent  vertical  crustal  movement  in  the 
eastern  United  States  and  found  correlations  between  the  patterns. of 
movement  and  geologic  structure  and  seismicity.  Similarly,  Isachsen 
(1975)  found  evidence  from  leveling  data  for  contemporary  uparching  in  the 
Adirondacks.  Hicks  (1972)  used  tide  gauge  measurements  to  deduce  the 
broad  pattern  of  crustal  movement  along  the  east  coast  of  the  United 
States.  Similarly,  Dohler  and  Ku  (1970)  and  Walcott  (1972)  used  lake 
level  measurements  in  the  Great  Lakes  to  infer  vertical  crustal  movements 
in  those  regions. 

The  study  of  recent  vertical  crustal  movements  utilizing  leveling  and 
tide  gauge  data  has  been  much  more  extensive  outside  the  United  States, 
most  notably  in  Finland  (Kaariainen,  1966),  Japan  (Miyabe  et  al.,  1966), 
and  the  Soviet  Union  (Mesuherikov,  1967,  1968).  Miyabe  (1952)  and 
Beloussov  et  al.  (1974)  have  attempted  to  synthesize  some  of  the  results 
on  a global  basis,  finding  that  much  of  the  earth  is  characterized  by 
movements  with  contemporary  rates  that  are  large  compared  with  average 
rates  over  the  past  few  million  years.  In  spite  of  this  large  body  of 
data,  very  little  is  known  about  the  mechanism  responsible  for  these 
movements.  Furthermore,  the  relationship,  if  any,  between  these  recent 
movements  and  longer  term  trends  as  evidenced  by  the  geologic  and 
geomorplvic  record  is  poorly  defined.  The  relationship  between  secular 
crustal  movements  and  earthquakes  is  another  important  problem  which  is 
as  yet  unresolved,  at  least  in  nominally  "aseismic"  regions. 

In  this  paper  new  information  relevant  to  these  general  problems  is 
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presented.  The  results  of  this  study  include:  (1)  the  compilation  of 

a profile  of  apparent  recent  vertical  crustal  movement;  (2)  evaluation 
of  the  internal  consistency  of  leveling  and  tide  gauge  data;  and  (3)  the 
identification  of  presently  active  tectonic  elements  along  the  east  coast 
of  the  United  States. 

The  Tide  Gauge  Data 

The  tide  gauge  information  used  in  this  study  was  taken  directly  from 
Hicks  and  Crosby  (1974).  It  consists  of  the  computed  slopes  (and  their 
associated  error  limits)  of  least-squares  regression  lines  fit  to  time 
series  of  yearly  mean  sea  level  for  stations  along  the  east  coast  of  the 
United  States.  The  location  of  these  stations  is  shown  in  Figure  1.  The 
rate  of  secular  sea  level  change  for  the  Wilmington,  North  Carolina 
station  was  determined  from  data  generously  supplied  by  Mr.  Hicks,  inasmuch 
as  it  is  not  included  in  his  published  compilation.  The  sea  level  series 
for  Wilmington  is  shown  in  Figure  2.  These  rates  reflect  all  of  the 
available  measurements  through  1972  (1973  for  Wilmington).  The  precise 
rate  one  obtains  depends  on  what  portion  of  the  available  record  is  used, 
as  can  be  seen  by  comparing  the  rates  calculated  b ■ Hicks  and  Shofnos 
(1965),  Hicks  (1972),  Hicks  (1973),  and  Hicks  and  Crosby  (1974).  The 
rates  were  independently  re- computed  for  observations  through  1973  from  data 
provided  by  Hicks,  and  found  to  be  in  general  agreement  with  those 
calculated  by  Hicks  for  the  interval  up  to  and  including  1972.  The 
uncertainty  raised  by  the  selection  of  the  time  interval  used  for 
calculation  of  secular  trends  will  be  discussed  later , but  it  appears  to 
be  negligible. 

The  number  of  variables  which  are  reflected  in  sea  level  measurements 
are  numerous,  and  their  contribution  to  the  secular  trend  is  generally 


poorly  known.  Lisitzln  (.1974)  and  Emery  and  Uchupi  (1972)  give  reviews  of 
■many  0f  these  factors,  which  include  tectonic  movements,  river  run-off, 
density,  salinity,  temperature,  atmospheric  pressure,  and  wind  velocity. 

Of  these,  only  river  run-off  has  been  examined  for  its  contribution  to 
secular  trend,  which  was  found  to  be  nil  (Meade  and  Emery,  1971).  Kaye 
and  Stuckey  (1973)  found  evidence  of  the  18.6-year  lunar  nodal  tide  cycle, 
which  might  be  a serious  factor  for  analysis  of  data  series  covering 
shorter  intervals,  although  that  is  not  the  case  here.  Emery  and  Uchupi 
(1972,  p.  238)  find  strong  evidence  linking  density,  salinity,  and  river 
discharge  to  secular  sea  level  trends  for  some,  but  not  all,  eastern  United 
States  stations.  Sea  slope  changes  due  to  dynamic  oceanic  circulation 
changes  might  also  contribute  to  secular  sea  level  changes  (Sverdrup  et  al., 
1942).  However,  given  the  ongoing  controversy  over  measuring  the  present 
sea  slope  ( Fisher,  1957;  Braaten  and  McCombs,  1963;  Sturges,  1967,  1968; 
Chew  and  Chew,  1976),  it  is  unlikely  that  changes  in  the  slope  will  be 
well  determined  by  oceanographic  methods  for  some  time. 

The  eustatic  sea  level  changes  generally  attributed  to  addition  to 
the  world  ocean  of  melted  glacial  ice  (Gutenberg,  1941)  would  be  easy  to 
take  into  account  if  it  were  easy  to  determine.  However,  the  response  of 
the  continental  margins  (and  therefore  sea  level  measuring  sites)  to  the 
added  water  load  could  be  very  complex  (Bloom,  1967;  Walcott,  19/2).  In 
this  naper  the  eustatic,  or  constant,  sea  level  effect  is  ignored,  since 
only  relative  changes  of  sea  level  are  considered.  The  eustatic  correction, 
generally  estimated  at  1.0  to  1.5  rom/yr  additional  sea  level  rise,  is 
not  applied  to  the  sea  level  trends  used  in  this  paper.  The  loading 
effects  are  an  interpretational  problem  and  will  be  discussed 
in  a later  section. 

From  the  above  discussion  it  is  clear  that  extracting  rates  of  true 


land  uplift  relative  to  a fixed  datum  using  sea  level  measurements  is  not 
without  its  ambiguities.  The  rates  used  in  this  study  are  not  corrected 
for  an}  of  the  above  effects.  Further  consideration  will  be  given  to 
these  effects  later. 


The  Leveling  Data 

By  comparing  the  elevations  determined  for  a given  reference  point 
(benchmark  or  BM)  with  respect  to  some  datum  by  precise  leveling  at  two 
different  times,  an  estimate  of  the  rate  of  apparent  vertical  crustal 
movement  of  that  benchmark  relative  to  the  rate  of  movement  of  the  datum 


can  be  made  as  follows : 
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where  Ah^  = elevation  difference  at  time  t^ 
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Note  that  rates  determined  in  this  manner  are  relative,  i.e.,  the  rate  at 


some  reference  benchmark  must  be  specified  from  another  method  in  order 
to  consider  absolute  movements.  These  rates  can  only  be  considered  as 


average,  rates  over  the  time  interval  concerned,  and  contain  no  information 
as  to  changes  of  rate  during  the  time  interval. 

The  error  limits  associated  with  the  leveling-determined  rates  are 
calculated  according  to  the  relation: 
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where  m = one  standard  deviation  for  the  velocity  measurement 
v J 

relative  to  a given  reference  point  (mm/yr) 
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standard  deviation  for  leveling  of 


unit  length  at 


time 


t (mrn/knr5) 

standard  deviation  for  leveling  of  unit  length  at  time 
t^  (mm/km) 


L = distance  between  reference  point  and  benchmark  at  which 
velocity  is  determined  (km) 

At  = t^  - t , the  time  interval  between  levelings 

Estimates  of  mQ  and  m^  were  taken  from  Holdahl  (1973).  The  above  relation 
is  relevant  to  random  error  only,  and  does  not  take  into  account  any 


systematic  error  in  the  leveling. 


Leveling,  like  tide  gauge  measurements,  lias  inherent  sources  of 
uncertainty.  One  of  these  relates  to  the  question  of  the  stability  of  the 
benchmarks  used.  Although  Karcz  et  al.  (1975)  find  that  certain 
types  of  benchmarks  appear  less  stable  than  others,  it  is  difficult  to 
see  how  such  variations  can  be  systematic  from  benchmark  to  benchmark, 
especially  over  considerable  distances.  Therefore,  in  this  study  reliance 
is  placed  on  the  trends  defined  by  sets  of  benchmarks  rather  than  upon  the 
stability  of  an  individual  mark.  This  limitation  tends  to  restrict  the 
lower  dimension  of  apparent  movement  which  might  be  considered  significant. 
On  the  scale  with  which  this  paper  is  concerned,  individual  benchmark 
eccentricities  do  not  appear  significant.  Furthermore,  restricting 
attention  to  trends  of  movement  over  distances  on  the  order  of  25  km  or 
more  tends  to  minimize  the  risk  of  misinterpreting  localized  phenomena  such 
as  mine  collapse  or  fluid  withdrawal  as  tectonic  movement.  Although 
tectonic  disturbances  on  a localized  scale  may  be  occurring,  they  will 
not  be  considered  in  this  study. 


A more  s rious  problem  for  the  interpretation  of  leveling  results  is 


due  to  the  fact  that  the  method  is  subject  to  a number  of  possible 
systematic  influences.  Unequal  refraction,  tidal  attraction,  ocean 
loading,  and  unequal  lighting  are  some  of  the  systematic  effects  which 
might  be  encountered.  Since  there  is  no  significant  topography  along 
the  level  route  with  which  this  paper  is  concerned,  refraction  effects 
should  be  insignificant.  The  direct  effect  of  the  tidal  attraction  of  the 
sun  and  the  moon  on  a north-south  line  should  be  less  than  0.1  mm/km 
(Holdahl,  1974).  The  effect  of  ocean  loading  and  earth  tides  on  leveling 
is  not  well  known,  but  is  probably  on  the  same  order  as  the  direct 
tide  (Lennon,  1961).  Differences  in  the  lighting  of  the  iore  and  back 
level  rods  have,  been  found  to  give  rise  to  a systematic  error  of  a r much 
as  0.4  to  0.9  mra/lcm  (Edge,  1959;  Bomford,  1971)  when  using  certain  tyoes  of 
rods.  It  lias  not  been  conclusively  shown,  however,  that  the  equipment 
used  by  the  NGS  is  susceptible  to  this  error  to  a significant  degree, 
although  Bala?s  (1975)  found  an  apparent  systematic  effect,  possibly  due 
to  lighting,  on  some  east-west  lines  with  a magnitude  of  about  0.4  mis /km. 

Even  if  the  individual  leveling  measurements  contain  some  systematic 
error,  their  differences,  which  are  used  to  calculated  apparent  crustal 
movements,  probably  have  less  error,  since  most  of  these  systematic  affects 
have  the  same  sign.  \ssuming  similar  working  conditions  for  the  two 
levelings,  it  might  be  expected  that  any  systematic  effects  would  cancel 
out,  or  nearly  so.  Since  working  conditions  can  vary  even  over  a day, 
it  should  be  expected  that  the  net  effect  of  these  "systematic"  errors 
has  a more  random  rature.  Over  large  distances,  possibly  on  the  order 
of  50-100  km,  "systematic"  influences  could  appear  as  random  influences 
(Bomford,  1971).  One  type  of  systematic  error  not  subject  to  such  a 
r and o xzation  process  is  that  cue  to  instrumental  or  observer  eccentricity- 
if  one  instrument  or  observer  is  used  over  a considerable  distance 
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of  the  surveys  and  another  is  used  on  the  subsequent  survey . There 
is  no  evidence  that  such  is  the  case  with  the  data  examined  in  this  paper. 

East  Coast  Profile 

Using  data  supplied  by  the  NGS,  a more  or  less  continuous  profile  of 
apparent  recent  vertical  crustal  movement  has  been  constructed  along  the 
east  coast  of  the  United  States  from  Calais,  Maine  to  Key  West,  Ilorida 
(Figure  1).  Figure  3 shows  the  profile  thus  obtained,  assuming  a rate 
of  movement  at  Portland,  Maine  of  -2.3  mm/yr  relative  to  sea  level  as 
indicated  by  the  secular  trend  of  the  tide  gauge  at  Portland.  Also  shown 
in  Figure  3 is  the  topography  along  the  profile  route  and  tne  standard 
deviation  of  leveling  as  a function  of  distance.  From  an  historical 
vantage  point,  Portland  seems  particularly  approprxate  as  a reference 
since  it  was  th(  starting  point  for  the  United  States  precise  leveling 
system  and  may  become  a standard  for  all  measurements  which  require 
knowledge  of  mean  sea  level  (Lisitzin,  1974). 

In  Figure  4,  the  apparent  recent  vertical  crustal  movement  profile 
derived  from  leveling  is  compared  with  a similar  profile  derived  from  the 
sea  level  trends  computed  by  Hicks  and  Crosby  (1974).  Hicks  (1972)  was  the  first 
to  use  sea  level  measurements  to  make  a profile  of  apparent  recent 
vertical  crustal  movement  in  this  manner.  Many  of  the  tide  gauges  are 
located  at  some  distance  from  the  profile  route  and  their  effect  should  be 
downgraded.  Those  stations  located  ler-s  than  about  5 km  from  the  route 
are  plotted  as  triangles  in  Figure  4,  those  at  greater  distances  as  squares. 

The  vertical  dimensions  of  the  symbols  represent  twice  the  standard 
error  of  the  measured  trends. 

Inspection  of  Figure  4 immediately  reveals  a large  discrepancy 
between  the  two  types  of  measurements.  For  example,  leveling  indicates  that 
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Key  West,  Florida  is  moving  up  with  respect  to  Portland,  Maine  at  a rate 
of  18.9  mm/yr,  whereas  the  tide  gauges  at  these  respective  points  suggest 
a difference  of  only  0.2  mn/yr.  The  respective  error  limits  of  the  two 
differences  are  only  3.5  mm/yr  and  0.3  mm/yr,  thus  the  discrepancy  is  over 
five  times  as  large  as  that  one  could  expect  from  random  measurement  error. 

One  or  both  of  the  methods  must  be  seriously  affected  by  some  systematic 
non-tectonic  influence.  Since  each  method  has  its  own  possible  sources  of 
error  and  since  our  understanding  of  the  role  of  these  effects  is  insufficient 
to  ascribe  the  discrepancy  to  any  one  effect,  a deterministic  solution  is 
not  possible. 

Alth„-gh  the  exact  nature  of  the  discrepancy  cannot  be  isolated,  these 
data  can  be  used  to  estimate  the  magnitudes  that  a systematic  error  must 
have  to  account  for  the  observed  differences.  If  the  error  is  attributable 
to  meteorological  effects  on  the  tide  gauges,  it  v mid  amount  to  _s  much 
as  270%  of  the  actual  sea  level  trend  estimate.  If,  on  the  other  hand, 
the  discrepancy  is  attributed  to  the  leveling  measurements,  it  is  necessary 
to  postulate  a systematic  error  of  about  0.35  mm/km.  The  largest  systematic 
error  acceptable  for  leveling  of  high  precision  is  0.2  mm /km.  Tidal  error 
could  only  account  for  0,1  mm/km,  although  including  earth  tides  and  ocean 
loading  it  might  be  as  large  as  0.2  mm/km.  Uuccpial  13  ghting  mrght  be 
responsible,  since  it  can  be  as  large  as  0.4  mm/km.  However,  it  is  by  no 
means  apparent  that  such  an  effect  is  present  in  the  data  used  in  this 
study,  especially  since  suen  errors  should  tend  to  cancel  when  velocities 
are  calculated  from  the  leveling  data. 

In  view  of  the  lack  of  a deterministic  solution,  the  approach  used 
here  is  to  generate  a set  of  recent  vertical  crustal  movement  profiles 
according  to  different  hypotheses  as  to  the  origin  of  the  discrepancy 
between  the  two  methods.  Profile  I (Figure  4)  represents  one  extreme, 


i.e.,  the  leveling  is  assumed  to  be  correct  and  the  tide  gauge  data 
incorrect.  Profile  II  (Figure  5)  represents  the  other  extreme,  that  the 
tide  gauge  data  are  correct  and  that  the  leveling  results  are  in  error. 

In  this  and  subsequent  adjustments,  only  the  tide  gauges  closer  than  5 km 
to  the  profile  route  are  used.  For  Profile  III,  the  tide  gauges  at  Portland, 
Maine  and  Key  West,  Florida  were  arbitrarily  assumed  accurate  and  a 
constant  systematic  correction  was  applied  to  all  the  data  to  yield  the 
proper  rates  at  these  two  points,  In  spite  of  the  arbitrariness  of  this 
adjustment,  the  fit  between  the  adjusted  leveling  data  and  the  original 
sea  level  trends  is  quite  good  from  the  Chesapeake  Bay  northward.  In 
Profile  IV  (Figure  7)  a probabilistic  model  was  used,  in  which  the  sea 
level  anti  leveling  results  were  adjusted  by  a least  squares  technique 
(Veress,  1974).  For  comparison,  the  tide  gauge  data  shown  on  all  of  the 
profiles  are  the  original,  unadjusted  values. 


Correlation  of  Profile  with  Geophysical  and __Ceolj^leuil 


Since  it  is  not  known  which  of  the  profiles  is  most  correct,  it  seems 
reasonable  to  restrict  attention  to  those  features  which  persist  in  all 
of  the  adjustments.  For  example,  the  minimum  in  the  profiles  at  about  3300  km 
is  pronounced  in  all  four  adjustments  and  does  not,  therefore,  appear  to 
be  attributable  to  error  in  either  the  tide  gauge  or  leveling  data.  On  the 
other  hand,  the  minimum  at  about  1300  km  on  Profiles  II  and  IV  corresponds 
to  the  Sandy  Ilook  tide  gauge,  whose-  sea  level  trend  is  very  suspect  as  a 
measure  of  regional  movement  due  to  the  effects  of  local  n on-tectonic 
subsidence  at  the  gauge  (Hicks,  1972).  Savannah,  Georgia  is  another  area 
where  a pronounced  local  subsidence  is  evident,  here  due  to  water 
withdrawal  (Poland  and  Davis,  1969).  This  effect  appears  as  a pronounced 
vertical  scatter  of  benchmark  values  near  2800  km  and  is  easily  recognized. 


Whether  or  not  the  tide  gauge  at  Fort  Pulaski  is  affected  by  tills 
withdrawal  is  not  known  for  certain,  although  close  inspection  of  leveling 
in  this  area  indicates  that  it  is  not.  The  tide  gauge  trend  at  Eastport, 
Maine  is  also  suspect  (Hicks,  1972),  although  it  seems  to  agree  quite  well 
with  the  leveling  between  Bangor  and  Calais,  Maine.  !■  *-  any  rate,  it  is 
not  used  in  the  adjustments.  When  interpreting  results  such  as  these,  it 
should  be  remembered  that  localized  non-tectonic  movement:.*:  could  be  present, 
although  focussing  on  the  longer  wavelength  trends  helps  to  minimize  their 
effects. 

Examination  of  these  profiles  reveals  several  features  of  interest. 
First,  there  is  a marked  change  in  the  slope  of  the  curves  at  approximately 
1050  km,  very  near  to  the  junction  of  the  Connecticut  River  Valley  and  the 
coast.  The  Connecticut  River  Valley  occupies  a north-south  trending 
Triassic  graben,  and  the  correspondence  of  a change  in  the  pattern  of 
crustal  movement  at  this  large  scale  weakness  in  the  crust  seems  to  be 
too  close  for  coincidence.  Another  prominent  change  in  slope  occurs 
around  New  York,  which  stands  at  the  junction  of  the  north-south  trending 
structures  of  the  northern  Appalachians  and  the  northeast-southwest  trending 
structures  of  the  central  Appalachians  (King,  1969).  Furthermore,  the 
eastern  boundary  of  the  Newark  Valley,  another  Triassic  graben,  runs  near 
the  profile  line  at  this  point.  As  mentioned  above,  the  minimum  at  1300  Ion 
on  some  of  the  profiles  would  appear  to  have  no  tectonic  significance. 

The  sharp  change  in  slope  of  the  recent  vertical  crustal  movement  curve 
at  Philadelphia  (about  1500  km)  seems  to  correspond  to  a sharp  change  in 
the  direction  of  the  profile  route  rather  than  any  structural  element. 

The  minimum  at  1700  km  corresponds  nicely  to  the  Chesapeake-Delaware 
embayment,  a pronounced  structural  low.  The  marked  peak  in  the  profiles 


near  1900  km  is  something  of  a mystery.  There  are  no  pronounced  structural 
features  near  this  part  of  the  profile  route  (Murray,  1961),  which  lies  along 
the  southern  tip  of  the  Delawar e-Maryland  peninsula.  The  proximity  of 
this  segment  of  the  profile  to  the  ocean  on  two  sides  as  well  as  an 
abnormally  short  time  interval  between  the  levelings  indicates  that 
leveling  error  induced  by  ocean  loading  could  be  responsible,  although  it 
is  by  no  means  certain.  Moving  south  from  Norfolk,  Virginia,  the  leveling 
and  tide  gauge  data  diverge  strongly.  Therefore,  the  reality  of  the 
broad  uplift  from  Norfolk,  Virginia  to  Savannah,  Georgia  is  in  some  doubt. 
However,  all  of  the  profiles  show  a marked  change  near  Wilmington,  North 
Carolina  (2300  km)  as  the  line  crosses  the  Cape  Fear  arch  (Murray,  1961). 
South  of  Charleston,  South  Carolina,  the  slope  of  the  recent  vertical 
crustal  movement  profile  increases  drastically,  decreasing  again  at 
Savannah,  Georgia.  Little  structure  is  known  in  this  area,  although  it 
is  one  of  the  zones  of  highest  seismic  risk  in  the  eastern  United  States. 

Near  Melbourne,  Florida  (3350  km)  is  a very  pronounced  mininum  in  the 
curve,  corresponding  to  the  junction  of  the  east-west  trending  Florida 
drainage  divide  and  the  coast.  Cape  Canaveral,  tie  only  Atlantic  Coast 
cape  not  associated  with  a river  mouth,  is  located  here.  Again,  the 
relationship  is  too  good  to  be  coincidence.  Finally,  the  profile  show's 
subsidence  of  Key  West:  with  respect  to  the  Florida  mainland,  which  seems 
to  correlate  with  no  structural  feature  and,  like  the  peak  near  1900  km, 
may  be  reflecting  ocean  loading  effects. 

In  Figure  8,  Profile  IV  is  shown  along  with  corresponding  profiles  of 
the  depth  to  basement  and  Bouguar  gravity  anomalies  along  the  profile 
route,  as  adapted  from  Flawn  (1974)  and  the  American  Geophysical  Union 
(1964).  Inspection  of  this  figure  shows  some  correlation  between  recent 


vertical  crustal  movement  and  depth  of  basement  between  Atlantic  City, 

New  Jersey  and  Philadelphia,  Pennsylvania,  in  the  Chesapeake  Bay  region, 
and  at  the  Cape  Fear  arch.  Interestingly,  there  is  some  correlation 
between  a minor  basemen';  high  and  the  peak  in  recent  vertical  crustal 
movement  near  1900  km.  On  the  other  hand,  the  correlation  between  the 
recent  vertical  crustal  movement  profile  and  gravity  is  ambiguous  at  best. 

A relationship,  if  any,  between  these  movements  and  seismicity  is 
not  clear.  Although  some  of  the  changes  in  the  profile  noted  above  occur 
in  areas  of  higher  than  average  seismicity  for  the  east,  some  do  not. 
Knowledge  of  a relationship  between  recent  vertical  crustal  movement  and 
seismicity  is  important,  no.  only  for  seismic  hazard  estimation,  but  for 
understanding  the  mechanisms  for  these  movements.  For  example,  do  these 
movements  represent  strain  buildup  precursory  to  earthquakes  or  strain 
release  by  aseismic.  creep?  These  questions  cannot  be  ansx.Tered  as  yet, 

Kecent  Vert  deal  Crustal.  Kovem^nt  Hoar  the  Profile 

A cursory  examination  was  made  of  a large  number  of  short  profiles 
of  recent  vertical  crustal  movement  oriented  transverse  to  the  coast. 

These  profiles  exhibit  largo,  variations  in  both  time  and  space.  However , 
65%  of  these  profiles  indicate  a strong  regional  component  of  tilt 
down  to  the  east-southeast.  This  regional  tilt  is  more  pronounced  in 
some  areas,  for  example  in  the  North  Carolina-South  Carolina  area 
(Figure  9).  This  trend  agrees  at  least  in  sign  with  the  post-Jurassic 
trend  indicated  by  the  oceanward  increase  in  the  thickness  of  coastal 
sediments. 


summary 


A profile  of  recent  vertical  crustal  movement  along  the  east  coast 
of  the  United  States  has  been  constructed  from  leveling  data.  Comparison 
of  this  profile  with  sea  level  trends  suggests  that  one  of  the  methods 
contains  serious  sources  of  error.  In  spite  of  the  uncertainties  in 
these  data,  it  is  found  that  the  recent  vertical  crustal  movements  they 
indicate  do  show  some  correlations  with  geologic  structure  and  long-term 
trends.  These  results  suggest  that  present-day  vertical  crustal  movements 
may  reflect  deformation  localized  by  pre-existing  weaknesses  in  the  crust. 
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FIGURE  CAPTIONS 


Figure  1:  Index  map  showing  location  of  leveling  route  (dashed  line)  and 

tide,  gauges  (solid  circles^  used  in  this  study. 

Figure  2:  Sea  level  trend  at  Wilmington,  North  Carolina.  The  straight 

line  represents  the  least-squares  regression  fit  to  the  data 
and  has  a slope  of  1,85  ± 0.61  mm/yr.  Arbitrary  datum. 

Figure  3:  Unadjusted  profile  of  recent  vertical  crustal  movement  derived 

from  leveling.  Velocity  of  -2.30  mm/yr  assumed  at  Portland,  Maine. 
Also  shown  are  the  topography  along  the  profile  route  and  the 
magnitude  of  the  standard  deviation  for  the  leveling  relative 
to  Calais,  Maine. 

Figure  4:  Profile  I:  Leveling  profile  compared  t:o  tide  gauge  results. 

Portland,  Maine  sea  level  trend  assumed  correct.  Letters  at 
the  top  (outside)  represent  cities  along  leveling  route  while 
those  at  the  top  (inside)  represent  tide  gauge  locations. 

Data  for  tide  gauges  more  than  5 km  from  leveling  route  shown 
as  squares;  those  closer  than  f km  as  triangles.  Vertical 
dimension  of  tide  gauge  symbols  represents  two  standard  errors 
for  sea  level  trend. 

Figure  5:  Profile  II:  Leveling  profile  adjusted  assuming  tide  gauge 

data  (triangles)  correct.  Same  conventions  as  in  Figure  4. 

Figure  6:  Profile  III:  Leveling  data  adjusted  to  fit  tide  gauge 

results  at  Portland,  Maine  and  Key  West  Florida.  Same 
conventions  as  in  Figure  4. 


Figure  7:  Profile  IV:  Leveling  and  tide  gauge  results  adjusted  by  least 

squares  (unadjusted  tide  gauge  results  plotted).  Same 
conventions  as  in  Figure  4. 

Figure  8:  Profile  IV  shown  with  depth  to  basement  and  Bouguer  gravity 

profiles  along  leveling  route. 

Figure  9:  Recent  vertical  crustal  movements  on  selected  profiles 

trending  northwest  to  southeast  in  North  and  South  Carolina. 
Note  predominance  of  tilt  down  to  the  southeast  (right). 
Arbitrary  datums. 
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APPENDIX  D 


SUBSURFACE  FAULT  MOVEMENT  AND  PRECISE  RELEVELING: 
A CASE  STUDY  IN  WESTERN  KENTUCKY 


F.  Steve  Schilt 

Department  of  Geological  Sciences 
Cornell  University 
Ithaca,  New  York  14853 


ABSTRACT 

Beth  geological  and  geophysical  data  are  consistent  with  the 
existence  of  a concealed,  high  angle,  dip-slip  fault  (possibly  a normal 
fault)  in  extreme  western  Kentucky,  located  within  the  northern  boundary 
of  the  Mississippi  Embayment  and  the  New  Madrid  seismic  zone.  Inferred 
faults  have  previously  been  proposed  in  this  region  (Stearns  and  Wilson, 
1972),  but  recent  analysis  of  first  order  leveling  data  lends  strong 
support  to  the  existence  of  a potentially  active  fault  or  fault  zone 
which  has  experienced  approximately  31  mm  of  relative  displacement  in  a 
21  year  interval. 

The  location  is  defined  to  within  10  km  by  an  abrupt  steep  gradient 
in  the  relative  vertical  movement  profile,  which  is  derived  from  leveling 
measurements  by  dividing  the  change  in  elevation  by  the  time  interval. 

A trend  of  NNE  is  obtained  for  the  fault  from  other  geological  and 
geophysical  evidence.  A focal  mechanism  for  a nearby  earthquake  which 
occurred  between  the  times  of  leveling  suggests  a normal  fault,  although 
it  is  not  certain  this  mechanism  correlates  with  the  alleged  fault. 

In  Nevada,  anomalies  in  elevation  changes  similar  to  that 
reported  here  have  been  correlated  with  known  surface  faults  and 
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interpreted  as  post-earthquake  slip  (Savage  and  Church,  1974).  Workers 
in  Hungary  and  Japan  have  postulated  faults  at  depth  to  explain  relative 
vertical  surface  movements  monitored  by  leveling  and  accompanying 
earthquake  (Bendefy,  1966;  Mizoue,  1969).  The  results  presented  here 
may  constitute  a similar  phenomenon,  as  the  region  studied  is  a zone  of 
known  seismicity.  They  further  demonstrate  the  utility  of  precise 
leveling  as  a tool  to  measure  crustal  movements  and  evaluate  earthquake 
hazard.  It  is  rec  amended  that  the  appropriate  bench  marks  be 
resurveyed  in  five  to  ten  years  to  monitor  any  additional  movements,  and 
after  any  earthquakes  that  occur  in  the  vicinity. 

INTRODUCTION 

The  purpose  of  this  study  is  to  examine  the  possibility  that  apparent 
deformation  of  the  surface,  as  measured  by  repeated  precise  leveling 
surveys,  can  indicate  vertical  displacements  across  a fault  situated  at 
some  depth  below  the  surface.  If  such  a fault  is  not  mappable  at  the 
surface,  and  insufficient  drill  holes  exist  to  allow  subsurface  mapping, 
leveling  measurements  could  conceivably  be  the  most  direct  evidence  for 
such  fault  movement. 

Specifically,  such  faults  may  exist  in  the  Mississippi  Embayment 
at  the  New  Madrid  seismic  zone.  The  area  studied  here  is  near  Wickliffe 
and  Paducah,  Kentucky,  and  the  leveling  data  suggest  dip-slip  displacement 
along  an  unmapped,  concealed  fault  when  supplemented  with  other 
geological  and  geophysical  information. 

In  a recent  paper  by  Brown  and  Oliver  (1976),  regional  structural 
features  of  the  eastern  United  States  are  compared  with  relative 
vertical  crustal  velocities  (time-averaged)  as  determined  from  multiple 
first-order  leveling  surveys.  They  find  a significant  correlation  between 


the  velocity  patterns  and  large  scale  (hundreds  of  kilometers)  geological 
structure.  The  same  data  they  have  used  is  here  examined  on  a more  local 
scale,  with  interest  in  shorter  wavelength  behavior. 

Regional  Structure  and  Geology 

The  dominant  structural  feature  in  this  region  (see  Figure  1)  is  the 
Mississippi  Embayment,  which  began  to  form  in  Late  Cretaceous  when  the 
Pascola  Arch  (then  connecting  the  Ozark  and  Nashville  domes)  was 
downwarped.  The  cause  of  this  subsidence  is  not  well  understood,  but 
it  has  been  viewed  as  an  isostatic  adjustment  subsequent  to  Precambrian 
rifting,  which  extended  into  the  continent  as  the  so-called  failed  arm 
of  a triple-junction  (Burke  and  Dewey,  1973;  McGinnis  and  Ervin,  1975). 

i 

, Depression  continued  as  a linear  trough  until  late  Eocene,  accumulating 

j about  3000  feet  of  sediment  in  the  central  portion  of  the  embayment. 

! A cover  of  alluvial  deposits  is  Late  Tertiary  in  age,  and  is  locally 
overlain  by  Pleistocene  loess. 

Nearly  all  of  the  observed  surface  faults  lie  in  the  Paleozoic 
rocks  surrounding  the  Cretaceous  and  younger  fill  of  the  Mississippi 
Embayment.  The  major  displacements  on  these  Paleozoic  faults  probably 
occurred  in  Pennsylvanian  and  Mississippian  time  (King,  1969).  Far  fewer 
faults  are  mapped  within  the  Cretaceous  and  younger  rocks  of  the  embayment, 
yet  the  major  pattern  of  historical  seismicity  is  a northeast  linear 
trend  approximately  coincident  with  the  embayment  axis  (Figure  2a). 

This  may  be  largely  due  to  a masking  effect  of  the  unconsolidated  alluvial 
cover,  and  Fisk  (1944)  inferred  an  orthogonal  fault  pattern  within  the 
embayment  from  a detailed  study  of  lineations.  More  recently,  Stearns 
(1975,  manuscript  in  preparation)  has  made  a similar  study,  and  his 
inferred  faults  based  on  well  data  and  lineatdons  show  some  correlation 
to  seismic  focal  plane  solutions.  York  (1976,  in  press)  has  collected 
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from  the  literature  and  sought  in  the  field  the  few  known  examples  of 
Cretaceous  and  Cenozoic  faults  (considering  only  those  for  which  there 
is  direct  evidence)  for  this  region,  and  suggests  that  pre-Cretaceous 
faults  are  being  reactivated  with  some  consequent  faulting  in  the 
younger  erabayment  sediments. 

Local  Structure 

The. locality  of  this  study  is  the  northern  tip  of  the  Mississippi 
Embayment,  where  southern  Illinois  meets  western  Kentucky.  Here  the 
dense  Paleozoic  faulting  of  the  western  Kentucky  faulted  area  disappears 
at  the  northeastern  edge  of  the  embayment.  The  western  Kentucky  faulted 
area  has  been  mapped  in  detail  and  shown  to  be  a northeast  trending  horst 
and  graben  fault  complex  with  vertical  displacements  commonly  500-1500  ft, 
associated  with  a northwest-southeast  lateral  extension  of  approximately 
1 mi  ,a  (Hook,  1974).  Normal  faulting  (with  dips  averaging  70°-75°).is 
predominant,  although  minor  strike— slip  motion  is  evident.  This  fault 
zone  is  apparently  now  quiescent,  as  almost  no  seismic  activity  is 
situated  there. 

Considerable  evidence,  hov’ever,  suggests  the  continuation  of 
basement  faulting  beneath  and/or  into  the  embayment.  In  southernmost 
Illinois,  subsurface  mapping  has  revealed  a complex  of  buried  grabens 
and  faults  just  within  the  northern  boundary  of  the  embayment.  At 
least  a part  of  these  displacements  occurred  after  the  formation  of  the 
sub-Cretaceous  erosional  surface,  with  episodic  activity  dating  Late 
Cretaceous,  post-Eocene,  Pliocene,  and  Pleistocene  (Ross,  1963a,  b). 

Seismo tec tonics 

The  pattern  of  historical  seismicity  since  1928,  mostly  instrumentally 
determined,  is  shown  in  Figure  2 (Hadley  and  Devine,  1974).  The  major 
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characteristics  are  the  moderately  veil-defined  northeast  trend  within  the 
embayment  and  a mere  diffuse  pattern  outside  it.  The  existence  of 
smaller  scale  northeast  trending  lineaments  in  the  seismic  pattern 
has  recently  been  confirmed  by  results  from  a microearthquake  study 
(Stauder,  1975).  The  inset  rectangle  seen  in  Figures  1 and  2 indicates 
the  locality  for  which  leveling  data  will  be  presented,  and  Figure  3 shows 
this  locality  at  large  scale.  The  center  of  Figure  3 is  approximately 
75  km  northeast  of  New  Madrid,  Missouri,  the  site  of  the  very  large 
earthquakes  of  1811—12. 

Figure  3 shows  the  seismicity  near  the  leveling  route  for  two 
different  time  intervals.  Solid  circles  represent  events  between  1947.5 
and  1968,7  (listed  in  Table  1),  the  times  of  first-order  leveling  surveys. 
Open  circles  represent  events  for  all  other  time  since  1928  (listed  in 
Table  2).  If  all  historical  seismicity  were  shown  in  Figure  3,  the 
greatest  activity  would  appear  at  Cairo,  Illinois.  Since  1855,  29  events 
have  been  located  at  Cairo,  including  one  damaging  event  (intensity 
VI-VIII)  in  1883.  The  sharp  clustering  at  Cairo,  however,  may  reflect 
to  some  extent  population  bias,  in  absence  of  instrumental  locations 
before  1928. 

The  published  depths  of  hypocenters  for  earthquakes  of  the  New 
Madrid  seismic  zone  range  from  5 to  38  km.  Only  five  published  depth 
determinations  exist  for  the  area  shown  in  Figure  3,  as  noted  in  Table  2. 

The  precision  of  these  depths  is  limited  by  inadequate  station  distribution, 
but  better  depth  information  should  be  forthcoming  from  the  recently 
installed  microearthquake  network. 

Although  all  three  types  of  mechanisms  are  evident  in  Figure  3, 
three  important  points  should  be  noted: 

(1)  Six  of  the  eight  nodal  planes  of  the  four  mechanisms  in 


Figure  3 strike  north-northeast  between  356°  and  031°,  a span  of  35°. 

(2)  A large  majority  of  nearby  focal  mechanisms  (within  about 
1°  of  Figure  3)  are  thrust  mechanisms,  as  noted  by  Street  et  al.  (1974). 

(3)  If  the  strike-slip  event  in  southern  Illinois  can  be 
associated  with  movement  along  the  trend  of  the  New  Madrid  fault  zone,  the 
sense  of  displacement  is  consistent  with  east-west  compression. 

If  pre-Cretaceous  faults  are  being  reactivated,  it  is  interesting 
to  note  that  reactivation  is  apparently  largely  ESE-WNW  compression,  in 
contrast  to  the  Paleozoic  southeast-northwest  extension  seen  in  the 
adjacent  western  Kentucky  faulted  area. 

Leveling  Data 

The  bold  line  in  Figure  3 is  a path  twice  surveyed  by  first  order 
leveling,  once  in  1947  and  again  in  1968.  By  arbitrarily  choosing  one 
bench  mark  as  a fixed  reference  point  (in  this  case  the  bench  mark  at 
Wickliffe,  Kentucky),  one  can  measure  the  change  in  elevation  of  all 
other  bench  marks  relative  to  the  reference.  The  relative  displacements 
describe  the  deformation  of  the  surface,  to  the  extent  that  the  bench 
marks  are  stable,  i.e.  do  not  move  with  respect  to  the  surface.  If 
these  displacements  are  divided  by  the  time  interval,  an  average  relative 
velocity  of  the  surface  at  discrete  points  is  obtained.  (The  main  purpose 
of  this  division  operation  would  often  be  to  normalize  profiles  with 
different  time  intervals  — a problem  which  does  not  concern  us  here.) 

Topography  along  the  route  is  shown  by  the  curve  labelled  "elevation". 
The  "error"  curve  shows  the  accumulation  of  random  error  relative  to  the 
reference  bench  mark,  and  grows  as  the  square  root  of  the  distance 
multiplied  by  a precision  factor  (Bomford,  1962;  Brown  and  Oliver,  1976). 
With  regard  to  random  error,  th  local  slope  of  the  velocity  profile  may 
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be  significant  if  it  exceeds  the  local  slope  of  the  error  curve.  Both 
surveys  were  first-order,  and  therefore  double-run,  with  differences 

h. 

between  forward  and  backward  measurements  not  allowed  to  exceed  4L2  mm, 
where  L is  the  distance  surveyed  in  kilometers.  In  practice,  this 

h 

difference  is  usually  closer  to  2L  mm. 

Pigure  4 shows  the  relative  vertical  velocity  profile  along  the 
bold  line  path  in  Figure  3.  A striking  anomaly  in  the  velocity  gradient 
Cor  equivalently,  the  displacement  gradient)  is  apparent  between  bench 
■marks  A and  B,  which  represents  a tilt  rate  of 

1-5  "Sto  _ 1-6  x 10-7  rad/yr 

\ 9.0  km  J 


It  should  be  noted  that  this  is  a minimal  tilt  rate,  since  there  is  a 
hiatus  of  5 km  from  B to  the  first  bench  mark  towards  A.  A reasonable 
upper  limit  to  the  tilt  is  obtained  by  using  bench  mark  A and  the  first 
bench  mark  towards  B,  given  by 

^JShjL  . 3.3  x lCf7  rad/yr 
2.3  km 

which  suggests  that  the  tilt  rate  is  in  the  range  of  1. 0-4.0  x 10  ^ rad/yr. 

Figure  5 (from  Brown  and  Oliver,  1976)  shows  the  regional  velocity 
profile  from  Wickliffe,  Kentucky  to  New  Bern,  North  Carolina,  with  the 
data  of  Figure  4 visible  in  the  first  60  kilometers.  In  Figure  5,  the 

steep  tilt  of  segment  AB  can  be  seen  superimposed  on  an  opposite 
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regional  tilt  of  1.0  x 10  rad/yr.  The  tilt  rate  of  segment  AB  is  about 
an  order  of  magnitude  larger  than  most  regional  tilts  in  the  eastern 
United  States,  and  is  definitely  larger  than  random  error  could  account 
for.  In  general,  larger  tilts  are  seen  only  in  areas  of  intense  fluid 
withdrawal  such  as  near  Galveston,  Texas.  Although  there  are  some 
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apparently  similar  irregularities  along  other  parts  of  Figure  5,  most  have 
lesser  tilt  rates  i segment  AB.  More  importantly,  the  slope  discontinuity 
AB  is  more  distinct  and  isolated,  and  lies  admid  noticeably  less  bench 
mark  scatter  than  much  of  the  long  profile  in  Figure  5. 


DISCUSSION  AND  INTERPRETATION 

The  location  of  segment  AB  lies  between  and  along  the  trends  of  the 
Big  Creek  fault  zone  (as  defined  by  Fisk  in  1944)  and  the  western  Kentucky 
faulted  area  (Hook,  1974),  as  shown  in  Figure  1.  It  seems  possible  and 
not  unreasonable,  in  light  of  the  evidence  previously  presented,  that 
the  movement  indicated  by  Figure  4 is  fault  related.  Before  immediately 
invoking  a fault,  however,  possible  errors  and  various  alternative 
explanation  of  the  leveling  data  should  be  considered. 

Neglecting  blunders  (which  the  double-run  procedure  renders  highly 
improbable),  leveling  errors  may  be  classified  as  random  or  systematic. 
Random  error  has  already  been  examined  ans  shown  to  be  of  insufficnet 
magnitude  to  explain  the  apparent  movements. 

The  known  sources  of  systematic  error  include: 

(1)  rod  miscalibration  or  other  instrumental  misalignment 

(2)  refraction  of  the  line— of— sight  due  to  temperature 
gradients  (typically  5 mm/100  m rise) 

(3)  tidal  forces  (important  only  on  north-south  lines) 

(4)  gravity  anomalies  due  to  mass  redistribution  (which  may 
distort  the  equipotential  reference) 

(5)  atmospheric  pressure  changes 

Except  for  gravity  anomalies,  these  kinds  of  systematic  error  are 
most  important  for  long  wavelength  features,  and  less  so  for  the  short 
wavel  ngth  phenomenon  reported  here.  The  reader  is  referred  to  Brora 
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and  Oliver  (1976)  for  a more  detailed  discussion  of  leveling  errors, 
which  concludes  that  observed  regional  tilts  (generally  of  magnitude 
10  rad/yr)  cannot  be  completely  accounted  for  by  known  systematic 
errors. 

If,  as  the  author  believes,  the  tilting  of  segment  AB  is  not  entirely  due  tc 
systematic  error,  there  remain  many  non— tectonic  geologic  explanations. 

Fluid  withdrawal  with  consequent  sediment  compaction  is  a known  cause  of 
vertical  movement  (subsidence).  However,  there  are  no  oil  or  gas  wells 
in  this  part  of  Kentucky,  nor  are  there  any  large  municipalities  that 
consume  sufficient  amounts  of  water  to  depress  the  water  table.  In 
fact,  the  State  of  Kentucky  regards  the  largely  untapped  ground  water  of 
this  area  as  a natural  resource  for  stimulating  economic  development. 

Although  karstlands  occur  in  'west-central  Kentucky,  the  region  studied 
here  is  not  karstland  (National  Atlas  of  the  United  States,  1970). 

Local  bench  mark  instability  due  to  frost  heaving,  soil/sediment 
compaction,  mineral  dissolution,  or  slumping  can  show  large  movements, 
but  the  resulting  movements  are  too  localized  and  irregular  to  explain 
the  pattern  here  extending  over  several  kilometers.  Such  local 
perturbations  could  be  expected  to  contribute  to  scatter  over  wavelengths 
like  the  bench  mark  spacing,  but  vTould  be  unlikely  to  account  for  the 
systematic  variation  observed.  Furthermore,  there  is  little  correlation 
between  relative  movements  and  type  of  menumentation  along  this  line. 

Table  3 lists  bench  mark  monumentation,  with  bench  marks  divided  about 
equally  into  two  major  categories,  bench  mark  post  and  concrete 
construction  (a  distinction  defined  in  Table  3).  If  these  two  groups 
of  bench  marks  are  viewed  independently,  the  curves  of  Figure  4b  are 
obtained.  If  each  curve  in  Figure  4b  were  smoothed  to  suppress 
apparent  noise  of  wavelength  < 5 km,  the  resulting  smoothed  curves  would 


coincide  quite  closely.  This  implies  that  the  tendency  for  a bench 
mark  to  rise  or  sink  unstably  is  the  same  for  both  types  of  monumentation. 
In  general,  one  would  expect  different  responses  to  instability  processes 
from  different  types  of  monumentation.  It  is  therefore  suggested  that 
both  types  of  bench  marks  are  approximately  stable  in  an  absolute  sense. 

Crustal  loading  (e.g.  reservoirs)  has  been  shown  to  cause  appreciable 
down warps,  but  the  author  discovered  no  such  large  artificial  loads  near 
segment  AB.  "McGinnis  (1963)  found  evidence  that  water  loading  due  to 
fluctuation  of  the  water  level  of  the  Mississippi  River  is  correlated 
with  seismicity,  and  may  act  as  a trigger  for  earthquakes.  He  subsequently 
reasoned  that  the  crust  must  be  regionally  subsiding,  which  is  logically 
unclear. 

Whether  or  not  river  level  is  related  to  crustal  movements,  the 
evidence  supports  the  hypothesis  that  the  anomalous  tilt  in  Figure  4 is 
in  fact  due  to  fault  movement.  The  four  open  circles  in  Figure  3 from 
88.9°  to  89.0°W  are  a series  of  four  events  that  occurred  in  1930-31  and 
-may  have  been  associated  with  the  same  fault  zone  postulated  on  the  basis 
of  the  leveling  data.  The  sense  of  surface  deformation  (downward  to  the 
west)  would  be  consistent  with  a westward  dipping  normal  fault  or  an 
eastward  dipping' thrust  fault,  assuming  the  motion  is  predominantly  dip- 
slip  (a  reasonable  assumption  on  the  basis  of  regional  focal  plane 
solutions,  very  few  of  which  are  strike-slip).  The  closest  focal 
mechanism  is  a thrust  type  (about  10  km  southwest),  which  occurred  four 
years  after  the  second  leveling  survey.  A mechanism  farther  to  the  south 
(about  20  km  away)  and  within  the  time  interval  between  surveys  is  a 
normal  type,  which  makes  it  difficult  to  associate  the  inferred  fault 
with  one  or  the  other  type. 

Various  ways  to  reconcile  the  existence  of  both  kinds  of  mechanisms 
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so  near  each  other  are  illustrated  by  Figure  6#  In  all  these  cases,  a 
regional  compress  local  stress  system  In  the  basement  Is  postulated.  Tills 
o compressive  stress  results  in  tensional  stresses  in  a less  competent,  le» s 

consolidated  upper  strata,  which  ai i represented  by  the  Cretaceous 
coastal  plain  sediments  that  overly  Paleozoic  basement.  Any  of  these 
models  could  explain  the  rather  singular  normal  fault  mechanism  in  the 
■midst  of  mostly  reverse  ones,  and  it  would  be  reasonab_e  to  ascribe  the 
-measured  movements  to  the  normal  event  since  it  occurred  within  the 
specified  time  interval.  However,  the  movement  need  not  be  associated 
directly  with  earthquakes  at  all,  since  it  could  alternatively  be 
aseismic  creep. 

After  the  suspicion  of  a hidden  fault  in  this  region,  a search  for 
lineations  was  undertaken.  Although  aerial  photography  (scale  1:13,000) 
gave  no  definite  indication  of  lineaments  near  the  segment  AB,  the 
local  stream  pattern  (Figure  7,  taken  from  U.S.G.S.  topographic  quadrangle 
maps)  does  exhibit  a noticeable  lineation  pattern  trending  approximately 
11°-14°  porth-northeast.  This  trend  closely  parallels  the  trends  of  the 
nodal  planes  of  the  normal  event,  the  trend  of  the  structural  trough 
formed  by  the  top  of  the  Paleozoic,  and  the  trend  of  the  Mississippi 
River  as  it  bounds  western  Kentucky.  While  the  presumed  faulting  probably 
does  not  break  the  surface  here,  it  may  have  influenced  the  drainage 
pattern. 

Previous  Fault-Movement  Interpretations  Based  on  Precise  Leveling 

One  of  the  first  (and  few)  studies  of  deformation  of  the  earth’s 
surface  as  measured  by  precise  leveling  in  connection  with  earthquakes 
was  that  of  Bendefy  (1966)  in  Hungary.  The  leveling  surveys  were  done 
in  1955-56,  before  and  after  the  12  January  1956  earthquake  at  Dunahavaszti 
near  Budapest,  Hungary.  Although  I.S.C.  lists  no  magnitude  or  depth  for 


this  event,  it  was  reported  by  over  90  stations  as  far  as  144°  away, 

and  the  village  of  Dunaharaszci  was  completely  destroyed.  Thus  a magnitude 

of  6.0  or  greater  is  likely. 

Bendefy  reported  dynamic  undulations  of  the  crust  within  100  km  of 
the  epicenter,  clearly  associated  with  the  stress  accumulation  and 
release  of  the  earthquake.  Permanent  relative  displacement  was  a 
maximum  of  40  mm  near  the  epicenter  (Dunaharaszti)  and  was  observed  between 
bench  marks  separated  by  1.5  km,  although  no  surface  faults  or  fractures 
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were  reported.  The  relative  velocity  profile  (in  units  of  10  rom/day) 
for  a time  interval  containing  the  earthquake  is  shown  in  Figure  8a  as 
the  curve  labelled  G^.  The  steepest  gradients  occur  directly  over  the 
epicenter,  and  indicate  an  uplift  of  the  region  west  of  the  epicenter  with 
respect  to  the  east,  suggesting  a fault  at  some  depth  with  a component  of 
dip-slip  motion. 

In  an  attempt  to  determine  the  degree  of  dip-slip  motion  associated 
with  this  1956  earthquake,  a preliminary  focal  mechanism  was  constructed 
by  the  author  from  16  first  motion  data  presented  in  I.S.S.  (January,  1956). 
These  .data  (plotted  in  Figure  9)  are  consistent  with  a thrust  mechanism 
with  some  strike-slip  component,  although  some  of  the  data  is  not  internally 
consistent  and  the  mechanism  is  not  strongly  constrained.  However,  the 
better  defined  nodal  plane  dips  northwest  and  trends  northeast  and,  as 
the  fault  plane,  would  be  consistent  with  the  sense  of  displacement 
(uplift  to  the  west)  seen  in  the  east-west  leveling  line  crossing  the 
epicenter.  From  an  examination  of  other  leveling  lines  as  well,  Bendefy 
postulated  a regional  nortlwest-southeast  compressional  strain  pattern. 

The  Japanese  have  studied  surface  deformations  associated  with 
several  earthquakes  by  repeated  precise  leveling  surveys  (Mizoue,  1969). 
Perhaps  the  best  example  of  apparent  fault  movement  reflected  in  surface 


leveling  measurements  was  noted  after  the  19  October  1955  Futatsui 
earthquake  (M  = 5.7).  An  antisymmetric  relative  displacement  pattern 
(Figure  8b)  shows  a -maximum  offset  of  1 A 0 mm  between  adjacent  bench 
ajiarks  approximately  2 km  apart.  Mizoue  suggested  the  existeu  a 

"hidden  seismic  fault"  at  a depth  of  a few  kilometers  in  absence  of 

surface  faulting. 

More  confidence  can  be  placed  in  these  fault-at-dcpth  interpretations 
by  examining  leveling  displacement  patterns  near  recently  active  fault 
breaks.  Such  a case  exists  in  the  study  of  Savage  and  Church  (1974),  who 
looked  at  first  order  surveys  of  1955  and  1967  which  passed  over  numerous 
fault  scarps  (Slemmons,  1957)  mapped  after  a sequence  of  earthquakes 
(magnitudes  6. 6-7.1)  in  1954.  They  found  a clear  correlation  between 
several  distinct  waveforms  (amplitudes  of  10  -10  mm)  in  the  relative 
displacement  profile  and  the  fault  scarps,  and  therefore  concluded  that 
post-earthquake  slip  was  occurring  along  normal  faults  to  a depth  of 
several  kilometers. 

Leveling  Data  and  Regional  Vertical  Crustal  Movements 

Figure  10  show’s  a free  air  gravity  profile  from  northern  to  southern 
Illinois,  with  a large  positive  gradient  as  southern  Illinois  reaches 
the  Mississippi  Embayroent  (from  McGinnis,  1974).  McGinnis  (1970,  1974) 
considers  the  high  positive  anomalies  near  southernmost  Illinois  to  be 
a reflection  of  rift-intrusive  igneous  bodies  which  are  uncompensated 
and  thus  causing  isostatic  subsidence.  If  the  intrusive  activity  stopped 
in  the  Cretaceous  (the  youngest  dated  igneous  rocks),  the  crust  should 
have  been  mechanically  compensated  by  now,  with  only  small  thermal/erosional 
effects  remaining.  From  a study  of  the  geology  of  the  area,  Stearns  and 
Wilson  (1972)  state:  "since  Eocene  time  the  region  (Mississippi  Embayment) 


appears  to  have  been  relatively  stable  but  perhaps  subjected  to  regional 

uplift."  There  were  probably  adjustments  following  the  deposition  of 

extensive  Plio-Pleistocene  gravels  also. 

Thfi  lack  of  compensation  seen  in  the  free  air  anomaly,  however,  may 

not  be  due  solely  t:o  mass-excessive  intrusives.  If  regional  uplift  is 

occurring  as  the  leveling  data  imply,  the  anomaly  may  be  a reflection 

of  non-isostatic  movements.  The  evidence  for  relative  uplift  is  seen  in 

two  leveling  profiles  previously  examined  by  Brown  and  Oliver  (19  ’6). 

Figure  5 shows  the  eastward  tilting  of  western  Kentucky,  at  the  rate  of 
—8 

1.0  x 10  rad/yr  fro7n  0-100  km  on  the  abscissa,  and  decreasing  to 

_q 

1.0  x 10  rad/yr  from  100-300  km.  Figure  11  shows  a northward  tilting 

—8 

of  1.1  x 10  rad/yr  which  appears  to  begin  approximately  where  the 
large  positive  gravity  gradient  of  Figure  10  becomes  prominent.  Taken 
together,  these  two  lines  suggest  a possible  doming  centered  near  the 
border  of  Illinois  and  Kentucky.  That  uplift  should  be  occurring  there 
subsequent  to  Eocene  subsidence  is  not  completely  unreasonable,  as  the 
geologic  record  shows  that  northwestern  Louisiana  was  domically  uplifted 
to  form  the  Sabine  Uplift  in  Miocene  time,  which  had  been  part  of  a 
basin  through  the  Jurassic  (King,  1969).  Other  similar  uplifts  are 
known  in  Louisiana. 

If  the  crust  near  the  head  of  the  embayment  were  being  uplifted, 
it  would  provide  a qualitative  explanation  for  the  regional  corapressional 
stress  pattern  apparent  there.  The  Paleozoic  basement  structure  there  is 
a regional  downwarp,  and  if  a downwarp  is  uplifted  near  its  center, 
the  crust  would  be  subjected  to  crustal  shortening. 


CONCLUSION 


Evidence  presented  re  re  suggests  that  precise  leveling  can  indicate 
subsurface  fault  movement  not  apparent  from  other  observations.  In 
particular,  a leveling  profile  of  relative  movement  in  western  Kentucky 
resembles  previous  leveling  measurements  which  have  been  interpreted  as 
subsurface  faulting.  Furthermore,  a fault  interpretation  is  consistent 
with  other  geophysical  and  geological  evidence,  and  seems  more  plausible 
than  other  alternative  explanations.  Additional  leveling  in  this  region 
would  certainly  seem  warranted  after  an  appropriate  time  interval  has 
elapsed,  or  after  any  earthquakes  occur. 

In  view  of  the  above,  precise  leveling  should  be  considered  a 
valuable  tool  (especially  in  the  long  term)  in  site  decision  for  large 
construction  projects  whose  vulnerabi] ity  to  damage  by  earth  movements 
must  be  minimized. 

Although  inconclusive,  leveling  data  is  not  consistent  with  regional 
subsidence  of  the  northern  tip  of  the  Mississippi  Embayment,  as  has  been 
previously  suggested.  Whether  or  not  subsidence  is  occurring  (with 
some  unknown  long-range  systematic  error  in  the  leveling)  or  the  area 
is  indeed  uplifting  should  be  a subject  for  further  study. 
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Table  I 

Earthquakes  near  Cairo,  Illinois  from  19^7  to  1958.7 


(yr  uno . day) 

Lat 

(N) 

Lon. 

(w) 

Depth 

(km) 

Intensity 

Magnitude 

Ref  used 

19’47-1-16 

36°  59' 

89° 11 ’ 

II-III 

(3-2)* 

a,b 

1953.5.06 

36° 59' 

890 11 ' 

— 

III 

(3-4) 

a,  b 

1953.5.15 

36° 59' 

890 11 ' 

— 

III 

(3-4) 

a,b. 

1957.3.26 

37005. 

88°  36' 

IV 

(3-8) 

a,b 

1958.1.27 

37003. 

89° 12 ' 

W 

(4-2) 

a,b 

1962.2 .16 

37.0° 

CO 

*—■3 

0 

25 

III-IV 

(3-6) 

b,  d 

1963.3.31  M 

36.9° 

89. 0° 

3-0 

b,  c 

I903.5.O2 

36.7° 

89.4° 

_ 

3-1 

a,b 

1953.8.02  M 

37-0° 

88.7° 

18 

V 

4.0 

b,  c,  d 

1965.8.13 

37019, 

89°28' 

33 

IV 

3-2 

a,b,  d 

1965.8.14  M 

37°2° 

89-3 

38 

VII 

3-8 

b,c,d 

1965.8.15 

37°22’ 

89°28' 

16 

V 

3.5 

a,b,d  . 

1955.8.15 

37° 24' 

89° 28’ 

V 

3-4 

a,b 

a 


, Docekal  (1970) 

b,  Nuttli  (1974) 

c.  Street  et  al.  (1974) 


d,  Stearns  and  Wilson  (1972) 

*(  ) indicates  estimation  of  Nuttli  (197*4) 

d shed  (\m) 


M indicates  focal  mechanism 


/ 

Date 

( -vrr  inn  . flPV  ) 

Earthquakes 

Lat 

(n) 

near  Cairo, 

Lon 

(W) 

Table  2 

Illinois  from  1928-1947  and  1968.7-1972 

Intensity  1-teg-  pe 

Us 

\ y X ■ JiiU  • un.ty  / 

1928.  4.  15 

37°  17’ 

890  32' 

IV 

(3.8) 

3; 

1930.8.29 

37-9° 

89. 0° 

V 

***”" 

d 

1930.9.03 

36°  58’ 

86°  54’ 

III 

(3-4) 

E, 

1930.9-03 

36°  58’ 

88°  54' 

III 

(3-4) 

t'  D 

1931  * ^ -o6 

36°  51’ 

890  01' 

IV 

(3-8) 

Zj 

1933.10.24 

370  1?. 

890  32’ 

III 

(3-4) 

E, 

i934 .8.19 

36°  56' 

890  12’ 

VI 

(4.7) 

E, 

1934.8.19 

36°  59' 

890  09’ 

II-I1T 

(3-2) 

E, 

1936.8.02 

36.7 

89.0 

HI 

(4.1) 

E, 

1936 .12.20 

370 17° 

890  32’  . 

II  • 

(3-0) 

E, 

1939.4.15 

36°  48' 

890  24' 

HI 

(3-4) 

E, 

1940. 2. o4 

37°  13’ 

890  29’ 

III 

(3-4) 

E, 

1940.5.31 

370  05, 

88°  36’ 

V 

(4.2) 

a, 

1940.10.10 

36.8° 

89. 2° 

II-IIj 

(3.2) 

E;  1 

1941.10.21 

36°  58’ 

CO 

0 

0 

ON 

00 

IV 

(3-8) 

E, 

1941.11.22 

370  1?, 

890  32’ 

II-III 

(3-2) 

1942.8.31 

36°  59’ 

890  11’ 

IV 

(3-8) 

a,l 

1942.11.13 

36°  59' 

89"  11’ 

IV 

(3-8) 

1970.12.24 

36-7° 

89. 5° 

IV 

3-6 

1972.6.18  w 

37-0 

89.1 

III 

3-2 

c 

Table  3 

Bench  Mark  Tabulation 


No. 

Name 

BM  Design^ 

2 

Monumentation 

Distance 

(km) 

Re] ative 
Movement  (mm) 

1 

Wickliffe 

RMD 

P 

0.00 

0.0 

RH  No.  1 

2 

Wi cklif f e 

RMD 

P 

0.14 

-0.4 

KM  No.  2 

3 

Ml  28 

D 

P 

2.18 

-1.0 

4 

Z130 

D 

(B) 

3.92 

-2.7 

5 

Y.130 

D 

P 

5.56 

-5.8 

6 

XI 30 

D 

P 

7.01 

-2.5 

7 

U130 

D 

(B) 

8.49 

-5.4 

8 

Bari ow 

RMD 

P 

9.98 

-11.5 

KM  No.  2 

• 

9 

Barlow  - "A" 

TSD 

P 

10.01 

-6.0 

10 

U130 

D 

P 

12.29 

9.6 

11 

T130 

b 

(C) 

13.86 

4.5 

12 

R130  = "B" 

D 

(B) 

19.08 

24.9 

13 

Q130 

D 

P 

21.15 

27.8 

14 

P130 

D 

P 

22.77 

30.0 

15 

N130 

D 

(c) 

24.51 

30.5 

16 

M130 

D 

(C) 

25.91 

24.2 

17 

Kevil 

• 

RM  No.  2 

RMD 

p 

27.37 

24.8 

18 

Kevil 

TSD 

p 

27.66 

27.0 

19 

Kevil 

RMD 

p 

27.69 

-17.4 

RM  No.  1 

20 

L130 

D 

(C) 

29.14 

27.3 

21 

G130 

D 

(B) 

35.65 

22.4 

22 

E130 

D 

(w) 

36.21 

7.1 

23 

F130 

D 

(W) 

36.29 

12.7 

24 

C130 

D 

(U) 

38.50 

20.3 

25 

64M 

D (USGS) 

p 

40.44 

19.2 

26 

B130 

D 

(U) 

42.12 

26.6 

27 

63M 

• D (USGS) 

p 

45.50 

14.2 

u 


Table  3 (cent.) 


No. 

Name 

BM  Design'*'  . 

. 2 

Monumentation 

Distance 

(kill) 

Relative 
Movement  (mi 

28 

LI  2 9 

D 

(F) 

47.83 

18.4 

29 

N129 

D 

P 

50.87 

16.7 

30 

P129 

D 

(B) 

52.10 

10.9 

313 

R129 

D 

(FT) 

55.01 

11.3 

32 

G18 

D 

P 

57.45 

-4.2 

33 

F18 

D 

P 

58.06 

11.9 

34 

HI  2 9 

D 

P 

59.02 

6.9 

35 

K18  • 

D 

P 

60.10 

5.3 

KMD  = a C & GS  Reference  Hark  Disk 

D *=  a C & GS  Bench  Mark  Disk 

TSD  = a C & GS  Triangulation  Station  Disk 

D (USGS)  = a USGS  Bench  Hark  Disk 


2 p = Concrete  Bench  Hark  Post 
B = Highway  Bridge 
C - Highway  Calvert 
W = Concrete  Wall 
D = Railroad  Underpass 
FT  = Concrete  Footing 

( ) designates  a concrete  construction  type  of  monumental'. ion , 
i.e.  a pre-existing  construction  which  accomodated  a bench 
mark  without  requiring  new  installation  of  a standard  bench 
mark  support  (usually  a concrete  post). 

Paducah  is  between  31  and  32. 


• f 
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Figure  Captions 


Figure  1:  Central  United  States  portion  of  Hadley  and  Devine’s  tectonic 

map  of  the  eastern  United  States  (1974) , with  the  addition  of 
the  Big  Creek  fault  rone  defined  by  Fisk  (1944).  The  bold 
rectangle  shows  the  locality  of  the  leveling  data  analyzed, 
and  is  the  area  covered  in  Figure  3. 

Figure  2a:  Central  United  States  portion  of  Hadley  and  Devine's  epicenter 
map  of  the  eastern  United  States  (1974).  Ihe  rectangular 
inset  is  the  same  as  in  Figure  1. 

Figure  2b:  Explanation  for  Figure  2a. 

Figure  3:  Sei srcotectonic  map  of  the  rectangular  inset  seen  in  Figures  1 

and  2,  showing  the  path  of  two  leveling  surveys  (1947  and 
1968.7).  See  text  for  further  explanation.  The  basemnp  with 
faulting  is  adapted  from  Stearns  and  Wilson  (1972). 

Figure  4a:  Plot  of  the  relative  vertical  bench  mark  velocity  (as  described 
in  text)  versus  distance  from  Uickliffe  (WIC)  to  Paducah, 
Kentucky  (PAD).  Also  shown  are  curves  representing  elevation 
and  random  error.  Two  bench  marks  have  been  labelled  ’'A" 
and  "B"  for  purposes  of  discussion. 

Figure  4b:  Same  data  as  in  Figure  4a  divided  according  to  type  of  bench 
mark  monumentation.  The  solid  line  connects  bench  marks  that 
are  in  concrete  posts  specially  designed  as  stable  supports 
for  bench  marks,  and  the  dotted  line  connects  bench  marks  tnat 
are  in  other  concrete  constructions,  as  listed  and  defined 


Figure  5 


Figure  6 


Figure  7 


Figure  8 


; Relative  velocity  curve  from  Nickliffe,  Kentucky  to  New  Bern, 

North  Carolina  (from  Brown  and  Oliver,  1976).  The  email 
rectangle  shows  the  fault-like  offset  seen  in  Figure  4. 

; Possible  crustal  models  for  which  shallow  normal  faulting  could 
accompany  deeper,  regional  thrusting.  Both  6a  and  6b  are 
schematics  of  gravitationally  induced  normal-faulting  in 
relatively  incompetent  ediments  over  thrust— faulting  in 
stronger  basement  rocks. 

(6a)  Differential  elevation  of  upper  strata  caused  by 

thrusting  acts  to  induce  shearing  in  upper  incompetent 
■ — sediments. 

(6b)  Curvature  of  steeply  thrusting  acts  to  prrd-  '-e  normal 
bending  stresses  in  upper  strata  with  continued 
' movement. 

: Stream-defined,  north-northeast  trending  lineaments  based  on 

DSGS  7V  topographic  quadrangle  maps.  Bench  marks  A and  B 
are  shown  by  squares,  and  others  by  "x". 

: Examples  from  the  literature  of  anomalously  steep  relative 

velocity  (or  displacement)  gradients  as  measured  by  precise 
leveling,  near  earthquake  epicenters  (8a  and  8b)  and  near 
surface  faulting  (8c). 

(8a)  40  mm  relative  displacement  associated  with  the  12  January 

1956  earthquake  near  Dunaharaszti,  Hungary  (Bendefy,  1966). 
(8b)  140  ram  relative  displacement  associated  with  the  19 

October  1955  earthquake  near  Futatsui,  Japan  (Mizoue,  1969). 
(8c)  20-70  mm  relative  displacement  associated  with  surface 

faults  in  Nevada  (Savage  and  Church,  1974). 


Figure 


Figure 


FJ.  gure 


9:  Tentative  focal  plane  solution  fo  the  12  January  1956 

earthquake  (Dunaharaszti , Hungary)  from  16  first  motion  data 

given  in  I.S.S. 

10:  Mean  free  air  anomaly  along  latitude  89°W.  Computation 

technique  described  by  McGinnis  (1970).  Figure  from 
McGinnis, (1974) . 

11:  Regional  relative  velocity  profile  determined  by  precise 

leveling,  from  Davis  Junction,  Illinois,  to  Cairo,  Illinois, 
to  Meridian,  Mississippi  (figure  from  Brov  and  Oliver,  1976) 
The  time  spans  over  which  particular  segments  were  leveled 
is  given  in  the  lower  portion  of  the  figure. 
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Figure  2.  Mean  free-air  anomaly  profile  along  long  89°  \V. 
pulalion  technique  described  by  McGinnis  (1970). 
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REFRACTION  ERROR  IN  LEVELING 


James  E.  York 

Department  of  Geological  Sciences 
Cornell  University 
Ithaca,  New  York  14853 


ABSTRACT 

Previous  estimates  of  the  refraction  error  in  leveling  readied 
up  to  several  tens  of  inm  per  100  m change  in  elevation.  Errors  are 
found  in  these  estimates.  For  a linear  temperature  gradient,  the  error 
is  usually  less  than  1 ram  per  .100  in  change  in  elevation.  I he  refraction 
error  is  probably  less  than  the  standard  deviation  in  leveling  for  a linear 
temperature  gradient.  However,  non-linear  temperature  gradients  nay  be  import  a 


INTRODUCTION 


Systematic  errors  in  precise  leveling  v.hi.ch  accumulate  with  elevation 
are  difficult  to  detect.  Two  sources  of  such  errors  are  incorrect 
calibration  of  th  leveling  rods  and  bending  of  light  rays  caused  by 
changes  in  the  index  of  refraction  of  light.  In  leveling  a closed  loop, 
these  errors  nay  give  systematically  high  or  low  elevations  without  contributing 
to  the  error  in  loop  closure.  In  addition,  if  two  levelings  of  the  same 
route  are  compared,  and  if  the  magnitude  of  the  systematic  error  was 
different  in  the  two  surveys,  then  measurements  of  apparent,  but  unreal, 
'vertical  crustal  movements  would  result. 


If  the  apparent  vertical  movements  were  to  correlate 
or  positively)  with  elevation,  then  such  systematic  error 
suspected.  In  their  studies  of  vertical  movements  from  r 
in  the  United  Scutes,  Brown  and  Oliver  (1975)  have  observ 


(either  negatively 
s might  be 
eleveling  data 
ed  such  eorrelati  is 


(Figure  5).  Therefore  an  investigation  of  the  magnitude  of  possible 


refraction  errors  was  made. 


Changes  in  the  index  of  refraction  are  caused  by  variations  in 
temperature,  pressure,  and  composition  of  the  atmosphere.  KukhaKiki 
(1938)  has  shown  that  the  most  important  variations  are  those  of 
temperature.  Hence  only  temperature  variations  will  be  considered  bare. 

A typical  set-up  used  in  leveling  measurements,  along  with  convention 
and  symbols  f or  this  paper,  is  shown  in  Figure  1.  Mathematical  symbols 
to  be  used  in  this  paper  are  as  follows: 


ci  acute  angle  between  horizontal  and  ground  surface 
a temperature  at  instru,  ent  ( K.) 
b temperature  gradient.  ( C/m) 

c a constant  (°K)  relating  n and  T (equation  5) 
e net  refraction  error  between  foresight  and  backsight 
(mm/ 100  m change  in  elevation) 
h refraction  error  between  instrument  and  lod  (m) 
n index  of  refraction 

s horizontal  sighting  length  (m) 

T temperature  (°K) 

x distance  measured  parallel  to  ground  surface  with  origin 
at  instrument 

z distance  measured  perpendicular  to  ground  surface  with 
origin  at  instrument 
subscripts:  0 values  at  instrument 

1 values  where  light  ray  intersects  rod., 

2 values  where  light  ray  intersects  rod,. 


PREVIOUS  WORK 


( 


The  calculation  of  the  refraction  correction  is  complicated  by 
the  uncertainty  in  the  form  of  the  temperature  distribution.  Even  if  a 
vertical  temperature  profile  is  known  at  one  locality  on  a leveling  route,  ' 
the  profile  may  change  along  the  route  and  with  time.  A further 
complication  is  the  difficulty  in  integrating  many  forms  of  the  temperature 

distribution. 


Rased  on  some  early  temperature  observations,  Lallcmand  (1896)  used 


T = c1  + c_2  log  (z+c3) 


(1) 


vhere  the  c.  are  constants.  From  more  recent  observations,  Kukkamdki 
(1938)  obtained  the  formula 


T » c^  + cbz 


(2) 


A third,  formula, 


T = 


c7  + 


V + C92 


(3) 


was  used  by  Romford  (1.928),  because  it  simplified  the  mathematics. 


Q 


AH  three  of  the  above  authors  used  Snell's  law  and  a simple 
dependence  of  the  index  of  refraction  on  tenoral ure  (see  equation  5)  to 
calculate  the  refraction  error.  The  difficulty  in  integrating  the 
resulting  equations  led  each  of  these  autnors  to  make  Approximations. 
Because  the  refraction  error  is  small,  approximations  must  be  made 
carefully  or  else  the  • nay  greatly  .affect  the  obtained  magnitude  of  the 
refraction  error.  Unfortunately’,  the  approximations  of  these  &uthor^> 
do  have  such  effects.  For  example,  they  each  give  a net  refraction  error 
of  zero  for  a linear  temperature  gradient  (equation  4)  vith  equal  backsight 


MJ  foresight . As  the  present  stmly  ,W.  thin  net  error  not  tore. 

before,  fnrther  enlculat i ons  were  deemed  neeossary  to  deter, «ne  possible 


Th 


ma 


gnit udes  of  the  refraction  error, 


REFRACT I ON  ERROR 


Temperature^ 

A temperature  distribution  of  the  form 


T " a + bz 


(A) 


will  be  assumed.  This  linear  temperature  gradient  ma>  be  a tair  approxjmaeron 
over  vertical  distances  such  as  are  encountered  between  instrument  and 
rod  (a  few  meters  or  less),  but  clearly  this  gradient  cannot  be  extrapolated 
to  much  larger  vertical  distances.  This  advantage  of  this  formula  is  its 
simplification  of  computations  of  the  refraction  error.  Should  a more 
complicated  temperature  distribution  be  found  necessary,  it  could  be 
approximated  as  a number  of  discrete  linear  sections  and  the  formulas 
presented  in  this  paper  could  still  he  used. 


This  simple  formula  also  ignore'-any  x-dependence  of  the  temperature. 
Before  refraction  corrections  based  on  equation  A e made,  temperature 
measurements  should  he  made  while  leveling. 

In  the  calculations  that  follow,  the  value  of  a used  is  288°K. 

The  sign  of  b is  taken  to  be  positive.  If  b is  negative,  only  the  sign, 
not  the  absolute  value,  of  the  net  err.or  is  changed. 


Index  of  Refraction 


For  a pure  substance,  the  index  of  refraction  for  a given  wavelength 


depends  only  on  the  density.  Using  an  ideal  gas  law  approximation 


n = 1 + " 


where  c is  a constant  dependent  on  pressure,  wavelength,  and  composition 


of  the  gas.  Empirical  evidence  supports  an  equation  of  this  form 


(Meggers  and  Peters,  1918).  For  the  purposes  of  this  paper,  c is 


constant  and  equal  to  0.0801  °K. 


Fermat’s  Principle 


Fermat's  principle  is  used  to  determine  the  path  of  the  ray  which 


travels  between  rod  1 and  rod  2 and  is  tangent  to  the  instrument.  This 


principle  states  that  the  ray  path  is  such  that  the  value  of  the  travel 


time  is  stationary.  Thus  the  problem  is  one  of  the  calculus  of  variations. 


The  integral 


$n  [(dx)2  + (dr)2]’2 


must  be  extremized.  Because  n is  independent  of  x,  the  Euler-Langrange 


equation  becomes 


i - M2  ~ > 


a (3  Z 

where  n is  a constant.  Because  the  slope  ~y  is  — tanei  at  the  origin, 


equation  7 becomes 


far 


3 


Calculation  of  Error 


Using  equations  4 and  5,  the  square  root  expression  may  be  written 
in  terras  of  z.  Then  equation  8 may  be  integrated  from  the  origin  to  each 
rod.  Tills  procedure  (see  Appendix  A)  gives  transcendental  equations  for 
the  refraction  errors  h^  and  h^. 

The  transcendental  equations  can  be  solved  iteratively  by  Newton's 
method  (see  Appendix  B) , In  order  to  facilitate  comparisons  with  apparent 
vertical  movements  indicated  by  leveling  .and  relovelxng  data,  the  net 
refraction  error  (in  mm)  per  100  m change  in  elevation  is  calculated  for 
a given  angled,  temperature  gradient,  b,  and  sighting  length  s. 

e = (h^  - h^)  (1000)  (number  of  instrument  set-ups 

necessary  to  change  100  ra  in  elevation)  (9) 

Figures  7,  3,  and  4 give  e as  a function  of  C<y  b,  and  s,  respectively 
The  net  refraction  error  is  seen  to  vary  as  the  square  of  both  the 
temperature  gradient  and  the  sighting  length.  Therefore,  temperature 
gradients  must  be  well  known  before  applying  corrections.  Also,  the 
refraction  error  may  be  greatly  reduced  by  shortening  sighting  lengths. 

CONCLUSIONS 

Because  observed  temperature  gradients  in  the  air  are  usually  less 
than  l°C/m  (see  tables  of  Best  in  Kukkamaki,  1938),  and  because  sighting 
lengths  are  usually  less  than  100  ro  in  practice,  the  refraction  error  is 
usually  less  than  1 mm/100  in  change  in  elevation  for  linear  temperature 
gradients.  This  figure  is  approximately  equal  to  the  systematic  error 
caused  by  inaccuracies  in  correcting  for  thermal  changes  affecting  rod 
length  (Therm,  1971).  It  is  also  usually  less  thar  the  estimated 
standard  deviation  in  precise 


. . 


E-7 


c p 


( ) 


leveling,  which  includes  only  random  errors. 

Some  of  the  releveling  profiles  studied  by  Brown  and  Oliver  (197b)  show 
correlations  of  elevation  with  movement . If  caused  by  systematic  errors, 
these  correlation:.' would  indicate  errors  ranging  from  20  to  100  mm/100  m . 
change  in  elevation  (Figure  5).  These  hypothetical  errors  appear  much 
too  large  to  be  explained  by  refraction  caused  by  simple  linear  temperature 
gradients.  Therefore,  the  apparent  movements  may  reflect  actual  crustal 
movements , as  Brown  and  Oliver  (1975>)  suggest.  Alternatively,  non-linear 
temperature  gradients  may  be  important . 

Thurm  (1971)  and  Ilytonen  (1967)  have  made  refraction  corrections 
to  leveling  data  based  on  Kukkanaki's  (1928,  1939)  formulas  and  tables. 

! Because  of  errors  in  Kukkamaki's  work,  these  corrections  may  not  be 
valid.  Before  any  refraction  coir  ctions  are  made,  average  temperature 
distributions  must  be  known  accurately.  Because  air  movements  cause 
rapid  variations  in  temperature,  only  approximate,  average  corrections 
can  be  made.  On  long  lines  of  near  constant  slope,  where  lefraction 
errors  could  be  larger  than  the  standard  deviation,  using  short  sighting 
lehgths  will  keep  the  error  small. 
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FIGURE  CAPTIONS 


Figure  1:  Mathematical  conventions  and  symbols  used  in  this  paper. 

The  net  refraction  error  :is  b^  - h^. 

Figure  2:  Dependence  of  net  refraction  error  c (ran/ 100  ra  change  in  elevation) 

on  slope  using  sighting  length  s = minimum  of  50  m or 
a sighting  length  such  that  difference  in  elevation  between 

the  bases  of  the  two  rods  is  4 in.  a = 288°K,  c ~ .0801°K. 

r) 

Figure  3:  Graph  showing  b“  dependence  of  net  refraction  error  e,  where 

b is  temperature  gradient,  a = 288°K,  c =.0801  K. 

Figure  4:  Graph  showing  s dependence  of  net  refraction  error  e,  where 

s is  sighting  length,  a = 288°K,  c = .0801fK. 


/ 


Figure  5:  Apparent  vertical  velocities  between  Morristown,  Tennessee 

and  Kew  Bern,  North  Carolina,  derived  by  comparing  two  leveling! 


separated  by  33  years.  Each  clot  represents  one  bench  mark. 
From  Brown  and  Oliver  (1975). 
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SEXSMICITY  AND  QUATERNARY  FAULTING  IN  CHINA 
James  E.  York,  Richard  Cardwell,  and  James  Ni 
Department  of  Geological  Sciences 
Cornell  University 
Ithaca,  New  York  14853 

ABSTRACT 

Both  Quaternary  faulting,  based  on  an  interpretation  of  a new  mosaic 
of  LANDSAT-1  imagery,  and  seismicity,  based  on  maps  of  all  reported  earth- 
quakes in  historical  records  for  1177  B.C.-1903  A.D.,  of  all  instrumental 
data  for  1904-February  1975,  and  of  all  earthquakes  with  M ^ 6 for 
1177  B.C. -February  1975,  demonstrate  a distinct  difference  in  Quaternary 
tectonics  between  western  and  eastern  China.  East-west  trending  reactivated 
Paleozoic  mountain  belts  and  subparallel  large  left-lateral  strike-slip 
faults  predominate  in  western  China.  The  northeasterly  trending  Cenozoic 
Shansi  graben  and  subparallel  right-lateral  strike-slip  faults  characterize 
eastern  Chinr . Nearly  aseismic  blocks  occur  in  both  east  and  west,  but  a 
satisfactory  model  of  small  plates  that  explains  all  of  the  observed 
phenomena  is  not  apparent.  The  tectonic  activity  may  be  controlled  by 
stresses  from  nearby  plate  margins,  with  the  collision  of  India  and 
Eurasia  predominating,  or  by  asthenospheric  processes  beneath  China. 

Large  earthquakes  and  surface  faulting  have  occurred  on  some  of  the 
faults  observed  in  the  satellite  images.  Because  the  Chinese  historic 
record  suggests  the  alternation  of  seismically  active  and  quiet  periods 


of  the  order  of  a few  hundred  years  in  intraplate  areas,  data  on 
Quaternary  faulting  may  be  especially  valuable  in  supplementing  seismicity 
data  for  areas  with  short  seismic  records. 

INTRODUCTION 

While  most  of  the  global  seismic  energy  release  occurs  near  major 
plate  boundaries,  occasional  large  earthquakes  also  occur  in  intraplate 
areas.  Despite  the  success  of  the  concepts  of  plate  tectonics  in  explain- 
ing most  seismicity,  these  intraplate  earthquakes  remain  anomalous  and 
not  well  understood.  One  of  the  largest  and  most  active  of  the  intraplate 
seismic  regions  is  China.  Although  the  parts  of  China  in  the  Himalayas 
and  in  Taiwan  are  clearly  along  major  plate  boundaries,  most  of  China  can 
be  classified  as  intraplate.  Seismicity  and  Quaternary  faulting  occur 
throughout  large  parts  of  intraplate  China.  The  long  historical  record 
of  seismicity  in  China  makes  this  area  especially  Valuable  for  studying 
intraplate  tectonics.  In  addition,  LANDSAT  imagery  of  most  of  China  is 
now  available.  Thus  a good  comparison  between  intraplate  seismicity  and 
lineaments  seen  on  the  satellite  imagery  can  be  made  for  this  region. 

Our  objectives  are  to  locate  lineaments  that  represent  Quaternary 
faulting,  to  compare  the  faulting  with  historical  and  instrumental  seismic 
data,  to  relate  the  faults  and  earthquakes  to  regional  tectonics,  and  to 
compare  China  with  other  intraplate  areas.  For  these  purposes  we  have 
made  a mosiac  of  LANDSAT -I  imagery  and  seismicity  maps  covering  several 

Satellite  imagery  was  chosen  instead 


time  periods  and  magnitude  ranges. 


of  ground-based  geologic  data  because  such  data  are  sparse  or  unavailable 
for  much  of  China  and  because  the  imagery  provides  a uniform  and  accurate 
base.  We  find  that  changes  ir.  intraplate  tectonics  from  western  to  eastern 
China  correlate  both  with  the  Quattrnary  faults  and  with  the  seismicity. 

In  the  dry  climate  of  western  China,  where  fault  features  are  well-preserved, 
there  is  a short  historic  record  of  seismicity,  and  faulting  is  the  primary 
data  concerning  Quaternary  tectonics.  The  wet  climate  of  eastern  China 
does  not  preserve  fault  features  as  well,  but  a long  history  of  seismicity 
is  available. 

This  study  is  intended  to  complement  previous  papers  based  mainly  on 
seismicity  and  fault  plane  solutions  (Molnar  et  al.,  1973;  Shi  et  al., 

1973)  and  overlaps  somewhat  with  that  of  Molnar  and  Tapponnier  (1975)  and 
Allen  (1975)  and  Bonilla  and  Allen  (1975). 

LAND SAT- I IMAGERY 

Construction  of  Mosaic 

The  Landsat  images  of  China  used  are  18  cm  square  and  at  a scale  of 
1:1,000,000,  being  enlarged  from  the  original  scale  of  1:3,369,000.  The 
resolution  is  70m  (ERTS  Data  Users  Handbook,  1972).  Approximately  780 
images,  mostly  of  band  7 (near  infrared,  0.8-1. lpm  wavelength)  and  some  of 
band  5 (lower  red,  0.6-0. 7pm  wavelength),  were  used  to  construct  the 
mosaic.  Because  a low  sun  angle  often  accentuates  topographic  lineaments, 
fall  and  winter  images  were  used  where  available.  The  images  are  close 
to  a Lambert  conic  conformal  projection  or  an  Albers  equal  area  projection 
(Short  and  Lowman,  1973,  p.  5).  The  mosaic  was  partially  controlled  with  the  Oper- 
ational Navigation  Chart  (O.N.C.)  maps  (1:1,000,000  scale,  Lambert  conic  conformal 
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projection),  which  are  also  used  to  fill  gaps  where  there  was  no  LANDSAT 
coverage,  where  the  LANDSAT  images  were  too  cloudy,  and  in  several  areas 
near  the  margin  of  the  mosaic  where  imagery  was  not  obtained  by  us. 

The  region  of  China  and  vicinity  was  divided  into  24  areas.  A 
mosaic  of  each  region  was  made  on  boards  1.2  m square.  Each  board  was 
photographed,  and  these  photographs  were  mosaicked,  this  version  being 
at  a scale  of  approximately  1:6,000,000.  In  this  version  matching 
edges  of  images  are  usually  less  than  10  km  off,  although  thf  mismatch 
may  reach  50  km  in  the  northern  part  of  the  mosaic.  Where  ice  partially 
obscured  the  boundaries  of  some  large  lakes,  the  lakes  were  inked  in 
black  using  the  O.N.C.  maps  as  a reference.  The  ocean  was  also  inked 
in  bla-k  where  O.N.C.  maps  were  used.  The  political  boundaries  are 
taken  from  the  CIA  Atlas  (1971).  Parts  of  the  Philippine,  Ryukyu  and 
Japanese  Islands  are  geographically  within  the  bounds  of  the  mosaic, 
but  they  are  not  included. 

The  physiographic  map  (Figure  2)  shows  the  large-scale  features 
which  are  visible  in  the  mosaic  (Figure  1)* 

Interpretation  of  lineaments 

Two  important  distinctions  between  different  studies  of  lineaments 
using  topographic  maps,  aerial  photographs,  side-looking  airborne  radar, 
or  satellite  images  are  the  scale  of  lineaments  and  their  ages  of  forma- 
tion. In  this  study  we  consider  lineaments  which  range  in  length  from 
a few  tens  of  kilometers  to  a few  thousand  kilometers.  For  a detailed 
study  at  this  scale,  only  satellite  images  both  provide  consistent 
quality  and  are  readily  available. 


Because  our  object  is  to  relate  the  lineaments  to  Quaternary 
tectonics,  we  tried  to  choose  lineaments  that  appeared  to  represent 
Quaternary  faulting.  Our  criteria  include  linearity,  sharpness,  conti uuity 
presence  of  a topographic,  tonal,  or  textural  difference  across  the 
lineament,  and  the  presence  of  alluvial  deposits  along  one  or  both  sides 
of  part  of  the  lineament.  The  last  criterium  is  intended  Lo  eliminate 
faults  which  have  not  had  Quaternary  movement.  The  previous  criteria 
are  meant  to  distinguish  lineaments  that  represent  faults  end  to  eliminate 
cultural  features  such  as  railroads.  Linearity,  in  our  criteria,  means 
that  the  lineament  deviates  from  a straight  line  by  less  than  about  10 
percent  of  its  length.  Some  sections  of  long  lineaments  may  show  greater 
curvature  than  this.  The  criterium  of  sharpness  implies  that  a narrow 
feature  such  as  a scarp  is  present  along  at  least  part  of  the  lineament. 
Lineaments  based  entirely  on  straight  stretches  of  river  valleys  are 
omitted,  because  of  lack  of  evidence  of  Quaternary  activity.  Continuity 
implies  that  the  lineament  is  distinguishable  along  at  least  75  percent 
of  its  length.  Lineaments  that  marginally  meet  the  criteria  are  indicated 
by  dashes  in  Figure  4.  Examples  of  the  various  criteria  are  shown  in 
Figure  3. 

The  map  of  Quaternary  faulting  (Figure  4)  is  based  entirely  on 
analysis  of  LANDSAT  images  at  the  scale  of  1:1,000,000.  Despite  some 
attempt  at  quantification  in  our  criteria,  some  of  the  interpretations 
rejnain  somewhat  subjective.  Some  probable  omissions  on  this  map  are 
Quaternary  faults  that  do  not  reach  the  surface,  that  do  not  define  a 
linear  trace  along  the  ground  (for  example,  faults  with  low  dips),  that 


do  not  displace  alluvial  deposits,  or  that  are  too  short  to  be  clearly 
distinguishable  on  LANDSAT  images.  The  shortest  lengths  for  which 
our  criteria  were  clearly  met  were  10  to  20  km.  Also,  some  faults 
without  Quaternary  movement  may  have  fault  line  scarps  which  are  included 
in  the  map.  However,  these  inclusions  are  probably  not  numerous  and  do 
not  affect  the  regional  picture  greatly.  Another  important  factor  is 
climate,  because  fault  features  are  usually  better  in  a drier  climate. 

Partly  for  this  reason,  the  large  faults  in  western  China,  with  its 
desert  climate,  appear  especially  spectacular.  An  important  omission 
in  the  faulting  map  is  the  Himalayan  thrust  belt.  These  thrust  faults 
do  not  satisfy  our  criteria,  probably  because  of  the  heavy  cover  of 
vegetation  and  the  low  angle  of  fault  dip.  Thus  the  faulting  map  is 
mainly  an  indication  of  the  extent  of  large  scale  Quaternary  high-angle 
faulting  in  China. 

The  component  of  strike-slip  motion  shown  on  some  faults  in  Figure  4 
is  obtained  either  from  surface  faulting  during  historic  earthquakes  or 
from  offset  geologic  features  interpreted  from  the  LANDSAT  images.  Accurate 
ground  mapping  of  the  historic  surface  faulting  (Table  1)  leave  little 
doubt  when  correlating  the  surface  faulting  with  lineaments  on  the  LANDSAT 
images,  even  though  the  epicenter  determination  may  be  a few  tens  of 
kilometers  off  the  fault.  Few  clear  indicators  of  sense  of  strike-slip 
motions  in  LANDSAT  images  were  found.  The  best  indicators  appear  to  be 
offset  rock  units  (Figure  3)  or  folds.  Because  the  faults  may  be  reactivated 
from  tectonic  regimes  with  different  stress  orientations  it  is  possible 
that  the  apparent  offset  seen  in  the  image  may  not  represent  the  Quaternary 
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sense  of  movement  of  the  fault.  Consistent  sense  of  offset  along 
streams  Is  often  a valuable  method  in  ground  and  air  studies,  but 
such  offsets  (usually  a few  tens  to  a few  hundreds  of  meters)  are 
not  as  clear  on  satellite  images.  Because  larger  apparent  offsets 
(a  few  kilometers  or  more)  may  be  caused  more  by  erosion  along  the  ■ 

fault  zone  than  tectonic  displacement,  we  have  not  used  apparent 

l '* 

stream  offsets  as  indicators  of  the  sense  of  strike-slip  movement. 

SEISMIC ITT:  DATA 

One  purpose  of  this  study  is  to  give  a complete  and  consistent 
evaluation  of  the  seismicity  of  China  from  both  the  historical  and 
instrumental  records.  Previously,  the  distribution  of  seismicity  in 
Asia  has  been  described  by  Li  and  Gorshkov  (1957),  Min  (1957),  Mei 
(1960),  Land  and  Sun  (1966),  Shi  et  al.  (1973),  Molnar  et  al. 

(1973),  Academia  Sinica  (1956),  Academia  Sinica  (1970),  and  Lee  (1957). 

A history  of  early  compilations  of  Chinese  earthquake  data  is  given 
by  Drake  (1912).  The  first  maps  of  large  earthquake  epicenters  in 
China  were  published  by  Li  and  Gorshkev  in  1957.  For  the  most  part, 
the  previous  studies  investigated  the  large  events  (m>^6.0)  for  varying 
intervals  of  time  from  historic  records  and  instrumentally  recorded 
data.  For  example,  Shi  et  al.  (1973)  studied  the  seismicity  pattern 
for  events  with  magnitude  >6.0  from  1500  A.D.  until  1971.  Molnar  and 
Tapponier  (1975)  included  a map  of  historical  and  instrumentally  located 
events  for  magnitudes  greater  than  7.0  plus  other  veil  located  events 


between  1961  and  1970.  The  most  extensive  historical  compilation  is  by 
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Academia  Sinica  (1956).  This  is  a collection  from  different  sources 
of  varying  quality.  Only  Mei  (1960)  has  attempted  to  look  at  the  detailed 
historical  and  instrumental  seismicity  for  magnitudes  less  than  6.0. 

Mei  used  data  from  various  sources  and  made  no  attempt  to  discuss  the 
compatibility  of  the  different  data  sets.  In  addition,  there  was  little 
attempt  to  relate  the  overall  seismicity  pattern  to  the  tectonics  of 
Asia.  It  is  clear  that  with  the  increasing  interest  in  Asian  tectonics 
it  is  necessary  to  have  an  accurate  representation  of  Asian  seismicity 
to  correlate  with  other  geological  and  geophysical  data. 

The  most  important  earthquake  parameters  for  the  study  are  the 
epicenter,  depth,  and  magnitude.  By  carefully  defining  the  data  sets 
of  earthquakes  used,  one  can  attempt  useful  correlation  of  seismicity 
with  other  data  such  as  Quaternary  faulting  and  the  major  observable 
geologic  features  for  this  intraplate  area.  This  study  includes 
approximately  5,000  earthquakes  and  attempts  to  select  the  best  data 
available  on  hypocenter  an.  magnitude  for  any  given  period  of  time. 

Note  that  no  relocations  of  individual  hypocenters  have  been  attempted. 

The  five  sources  of  data  used  in  this  paper  and  the  years  covered  are: 

1177  B.C.-1903  A.D.  Chinese  Earthquake  Catalog. 

Academia  Sinica,  Institute  of  Geophysics  (1970) 

1904-1952  Seismicity  of  the  Earth,  Gutenberg  and  Richter  (1954) 
1953-1965  Seismicity  of  the  Earth,  Rot.he  (1969) 

1966-1970  Bulletin  of  the  International  Seismological 
Centre  (I.S.C.) 

1971-Feb.  1975  Preliminary  Determination  of  Epicenters  (P.D.E.), 

U.S.  Geological  Survey 

Each  of  these  sources  will  be  discussed  below. 





In  1956  the  Academic  Sinica  published  (in  Chinese)  a 2-volume 
set  entitled  Chronological  Tables  of  Earthquake  Data  of  China  containing 
over  3000  years  of  earthquake  data.  This  is  the  most  extensive  compila- 
tion of  earthquake  data  of  China  available.  It  was  compiled  by  the 
Third  Institute  of  History,  Academic  Sinica,  from  dynastic  histories, 
local  annals,  memoirs,  newspapers,  and  seismic  station  reports  for  the 
later  years.  These  data  were  later  compiled  in  1970  into  the  Chinese 
Earthquake  Catalog  by  the  Academic  Sinica,  Institute  of  Geophysics  (in 
Chinese).  The  period  of  time  covered  was  from  1177  B.C.  to  1949  A.D. 

In  this  work  intensities  were  assigned  to  all  areas  that  reported  a 
given  earthquake.  The  epicenter  was  assigned  to  the  region  of  greatest 
destruction.  Lee  (1958)  determined  an  empirical  relationship  between 
intensity  at  the  epicenter  and  the  surface  wave  magnitude  (M)  based  on 
a study  of  instrumentally  located  earthquakes  with  well  determined  magnitudes 
and  intensities.  This  magnitude  (corresponding  to  M of  Gutenberg  and 
Richter)  was  assigned  to  historical  earthquakes  and  ranges  from  4.75  to 
8.5.  Lee  estimated  that  this  magnitude  determination  is  accurate  to  half 
a scale  of  magnitude.  This  empirical  formula  between  magnitude  and 
intensity  has  been  updated  by  Savarensky  and  Mei  (1960),  Mei  (1960), 
and  most  recently  by  Chen  and  Liu  (1975).  More  modern  relationships 
include  the  effect  of  the  focal  depth,  but  the  data  of  Chen  and  Liu  (1975) 
indicate  that  the  relationship  determined  by  Lee  is  still  good  to  +0.5 
magnitude  units. 

Although  the  first  reported  event  was  in  1177  B.C.,  coverage  since 
then  is  not  complete.  The  historical  seismicity  data  depend  crucially 
on  the  population  density.  For  example,  the  historical  seismicity  data 


for  western  China,  which  is  still  sparsely  populated,  are  incomplete. 
Several  provinces  in  eastern  China  have  a continuous  record  starting 
in  206  B.C.,  the  beginning  of  the  Han  dynasty.  The  description  of 
smaller  tremors  or:  mainland  eastern  China  is  more  complete  and  detailed 
after  about  1500  (Mei,  1960).  The  seismicity  data  for  Taiwan  are 
incomplete  before  1900  because  of  the  lack  of  recorded  chronicles. 

Because  this  paper  is  primarily  interested  in  the  seismicity  of 
China,  historical  data  for  areas  outside  this  region  have  not  been 
incorporated.  An  exception  is  the  large  Assam  earthquake  of  1897, 
which  the  Chinese  did  not  include  in  their  compilation  because  it  occurred 
outside  of  China.  This  earthquake  is  included  on  our  map  of  large  earth- 
quakes (Figure  4). 

After  1900  the  Chinese  Earthquake  Catalog  data  are  from  all 
available  instrumental  locations,  revised  in  some  cases  from  macroseismic 
data.  Because  Gutenberg  and  Richter  (1954)  report  only  the  reliably 
determined  instrumental  epicenters,  we  have  used  their  book  as  a source 
in  order  to  map  more  accurate  locations  rather  than  simply  to  plot  a 
greater  number  of  epicenters.  In  the  table  of  magnitude  7.8  and  greater 
earthquakes  (Table  2),  only  5 events  are  located  differently  in  the 
Chinese  catalog.  The  difference  is  usually  a few  tens  of  kilometers. 

For  the  instrumentally  recorded  earthquakes,  several  kinds  of 
magnitude  determination  are  used.  The  body  wave  magnitude  (m)  is  used 
for  the  events  reported  by  Gutenberg  and  Richter  (1954),  except  in  the 
map  of  larger  events  (Figure  4), for  which  the  revised  magnitudes  (M)  as 
given  by  Richter  (1958)  are  used.  The  data  from  Rothe  (1969)  also  use 
the  surface  wave  magnitude  (M)  . and-^vTTflfr^K«i»' 
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The  data  from  the  I.S.C.  and  P.D.E. 


use  the  unified  body  wave  magnitude  (m^)  defined  by  Gutenberg  and 
Richter  (1956).  For  the  map  of  large  magnitude  seismicity  (M  6.0) 
the  average  of  the  surface  wave  magnitudes  (M)  as  reported  in 
"Seisiuological  Notes"  from  the  Bulletin  of  the  Seismological  Society 
of  America  was  used  for  all  events  after  1965  having  more  than  100 
stations  reporting.  This  average  value  of  the  surface  wave  magnitudes 
was  almost  always  equal  to  that  reported  by  station  PAS  (Pasadena). 

Thus  the  map  of  large  earthquakes  (Figure  4)  shows  surface  wave  magnitude 
(M)  for  nearly  all  events,  and  the  map  of  instrumentally  determined 
epicenters  (Figure  6)  shows  body  wave  magnitudes,  except  for  the  period 
covered  by  Rothe.  For  earthquakes  with  magnitude  less  than  6,  the 
different  magnitude  determinations  are  usually  nearly  equal,  while  the 
surface  wave  magnitude  is  usually  greater  for  larger  events.  The 
difference  is  not  sufficient  to  affect  our  conclusions  regarding 
patterns  of  seismicity. 

For  the  I.S.C.  and  P.D.E.  earthquake  data,  those  events  located 
with  less  than  10  stations  were  rejected.  Although  10  is  an  arbitrary 
number,  we  found  that  the  earthquakes  with  less  than  10  reporting 
stations  were  often  poorly  located.  Many  events  with  less  than  10 
reporting  stations  were  preliminary  determinations  given  by  the 
Large  Aperture  Seismic  Array  (LASA)  in  Montana  along  with  a few  other 
stations.  A plot  was  made  of  the  events  with  less  than  10  reporting 
stations  and  compared  to  the  other  instrumentally  located  events. 

Because  the  poorly  located  events  did  neither  enhance  the  instrumental 


seismicity  pattern  nor  add  any  new  trends,  these  events  were  rejected. 


The  single  deep  earthquake  in  the  East  China  Sea  and  a few  isolated 


intermediate  depth  earthquakes  elsewhere  arc  probably  also  poor  locations. 


In  addition,  various  explosions  were  rejected  if  identified  as  such 


in  the  listings. 


In  order  to  compare  accurately  the  large  quantity  of  seismic  data 


with  features  on  the  LANDSAT  mosaic,  computer  plotting  of  the  epicenters 


for  different  time  periods  and  magnitude  ranges  was  done  at  nearly  the  same  scale 


and  projection  as  the  mosaic,  and  transparencies  of  these  plots  were 


made  to  overlay  the  mosiac.  The  map  projection  that  provides  the  best 


overall  fit  for  the  entire  mosiac  is  the  Lambert  conic  conformal 


projection  with  standard  parallels  at  33°N  and  45r'N.  The  scale  factor, 


or  scale  distortion,  at  the  latitude  extremes  is  only  1.01  and  at  the 


middle  latitude  is  only  0.99.  Redrafted  computer  plots  covering  the 


historical  seismicity  (1177  B.C.-1903  A.D. , Figure  5),  instrumentally 


located  seismicity  (1904-February  1975,  Figure  6),  and  all  iarge  earth- 


quakes (M _>  6.0,  Figure  4)  are  presented  here.  On  each  map  only  the 


largest  event  for  a given  location  is  plotted.  Such  locations  where 


several  events  have  occurred  are  not  indicated  on  the  maps.  The 


hactured  regions  in  the  Hindu  Kush  and  northeast  of  Taiwan  represent 


areas  of  concentrated  seismicity  where  individual  events  cannot  be 


distinguished  at  this  scale.  Locations  of  the  largest  earthquakes 


(M  7.8)  are  given  in  Table  2.  Of  the  37  earthquakes  in  this  table,  8 


occur  in  the  Taiwan-Ryuky  region  and  29  on  the  Asian  mainland. 
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SEISMICITY  AND  QUATERNARY  FAULTING 


The  historical  (Figure  5)  and  instrumentally  located  (Figure  6) 
seismicity  and  the  faults  (Figure  4)  show  apparent  differences  between 
eastern  and  western  China.  The  most  striking  changes  betvteen 
the  two  seismicity  maps  are  the  reversal  in  density  of  epicenters 
between  eastern  and  western  China  and  the  addition  of  many  earthquakes 
along  the  boundary  between  the  Eurasian  and  Philippine  plates  in  the 
instrumental  seismicity  map.  Both  changes  are  probably  caused  by  the 
lack  of  adequate  historical  records  from  western  China  and  the  Taiwan- 
Ryukyu  Islands  region.  Historical  records  from  Taiwan  are  not  complete 
until  about  1900  (Hsu,  1971).  The  sparse  population  of  western  China 
has  prevented  the  making  of  an  adequate  record  there.  Thus  the  instru- 
mental seismicity  map  is  a better  representation  of  relative  tectonic 
activity  between  different  regions,  because  the  data  coverage  for  it 
Is  fairly  uniform.  The  historical  seismicity  map  is  important  for 
showing  longer  term  variations  in  activity  in  eastern  China.  These 
variations  will  be  discussed  later. 

Differences  between  eastern  and  western  China  are  seen  in  the  map 
of  large  earthquakes  with  the  interpretation  of  Quaternary  faults 
(Figure  4).  Plotting  only  large  earthquakes  (M  £ 6)  eliminates  much  of 
the  diffuse  seismicity  and  enables  trends  to  be  seen  more  clearly.  In 
addition,  these  earthquakes  usually  have  more  accurate  locations  and 
are  more  important  in  tectonic  interpretations.  This  map  shows  that 
the  tectonics  of  western  China  is  dominated  by  reactivated  Paleozoic 
mountain  belts:  the  Altai,  Tien  Shan,  A-erh-chin  Shan,  Nan  Shan,  and 

Kunlun  mountains,  in  addition  to  the  active  plate  margin  seismicity  at 
the  Himalayas  and  to  the  seismicity  within  Tibet.  These  active  belts 
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contrast  with  the  nearly  aseismic  Tarim,  Dzungarian,  and  Tsaidam  basins. 
The  large  strike-slip  faults  within  and  along  these  belts  may  have  been 
important  in  accomodating  some  of  the  relative  motion  between  India  and 
Eurasia  after  the  beginning  of  their  collision  (Molnar  and  Tapponnier, 
1975).  For  most  of  their  length,  these  faults  are  not  well-defined 
seismically,  probably  because  the  time  period  of  existing  data  is  too 
short.  A similar  argument  may  apply  to  some  other  major  strike-slip 
faults  such  as  the  Alpine  fault  in  New  Zealand  and  the  Garlock  fault 
in  California.  However,  some  fault  displacements  along  the  strike-slip 
faults  have  been  observed  (Figure  4).  In  addition,  thrusting  in  1932 
(Table  1)  along  the  eastern  extension  of  the  major  fault  through  the 
A-erh-chia  Shan  mountains  suggests  that  this  fault  is  connected  to  the 
fault  northeast  of  the  Nan  Shan.  This  connection,  being  a thrust  fault, 
is  not  distinct  on  the  satellite  images  and  is  not  shown  in  Figure  4. 
Although  the  total  displacement  on  these  fau.i  cs  is  probably  large,  the 
determination  of  the  amount  of  Quaternary  and  Cenozoic  displacements 
must  await  field  investigations. 

The  Quaternary  tectonics  of  eastern  China  appears  to  be  dominated 
by  the  Shansi  graben  and  right-lateral  strike-slip  faulting  (Figure  4). 

In  contrast  to  the  reactivated  Paleozoic  mountain  belts  in  western  China, 
the  Shansi  graben  in  a Cenozoic  feature  (Li  and  Li,  1973).  Southeastern 
China,  the  site  of  much  Mesozoic  tectonic  activity  is  relatively  aseismic. 
As  in  western  China,  there  are  basins,  here  the  Ordos  and  Swechwan 
basins,  virtually  without  seismicity  and  Quaternary  faulting. 

Another  important  difference  between  western  and  eastern  China  is  the 
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generally  east-west  trend  of  mountain  ranges  and  basins  in  western 
China  compared  to  the  generally  northeasterly  trend  in  eastern  China. 

This  difference  is  reflected  in  the  seismicity  by  the  occurrence  of 
more  earthquakes  in  western  China  (Figure  6)  and  by  a roughly  north- 
south  trend  of  seismicity  along  the  border  (approximately  100—105  E) 
between  the  two  regions.  This  difference  of  trend  from  western  to 
eastern  China  is  also  seen  in  the  map  of  Quaternary  faults  (Figure  4). 

In  part,  the  difference  may  reflect  the  change  from  west  to  east  in 
Paleozoic  and  Mesozoic  orogenic  trends  (Li  and  Li,  1973)  In  western 
China  these  orogenic  trends  may  have  been  reactivated  by  the  collision 
of  India  with  Eurasia  during  the  Cenozoic  (Molnar  and  Tapponnier,  1975). 
Subsequent  crustal  shortening  and  isostatic  uplift  could  be  responsible 
for  the  higher  average  elevation  in  western  China  compared  to  eastern 
China. 

In  addition  to  the  difference  in  trend,  the  Quaternary  faults  show 
a difference  in  the  type  of  tectonics  between  western  and  eastern  China. 

In  western  China,  the  long,  linear  nature  of  some  of  the  faults  and  the 
juxtaposition  of  often  contrasting  rock  types  (Figure  3)  suggests  that 
these  may  be  major  strike-slip  faults.  Where  observed  or  inferred  (Figure  4), 
the  sense  of  motion  is  left-lateral.  Important  thrust  faults  in  western 
China  may  not  be  shown  in  Figure  4,  because  of  the  problems  in  interpretation 
discussed  earlier.  In  contrast  to  this,  the  most  spectacular  feature 
seen  in  the  LANDSAT  images  for  eastern  China  is  the  Shansi  graben  with  its 
normal  faults.  The  LANDSAT  images  and  fault  plane  solutions  (Molnar  and 
others,  1973)  also  indicate  the  presence  of  northeasterly  trending  right- 
lateral  strike— slip  faults  in  eastern  China.  Thus  either  the  deformation  in 
eastern  and  western  China  are  caused  by  different  forces  or  the  two  regions  are 
responding  differently  to  the  same  forces. 
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CYCLES  OF  SEISMICITY 

Although  instrumental  data  provide  the  most  objective  map  of 
seismicity,  the  historic  record  shows  that  the  70-year  instrumental 
period  is  too  short  to  give  an  accurate  representation  of  seismic 
activity.  A good  example  comes  from  the  Shansi  graben  area.  Quaternary 
faulting  in  the  graben  is  readily  apparent  in  the  LANDSAT  images 
(Figure  1).  Also  the  historical  seismicity  map  (Figure  5)  and  the  large 
earthquake  map  (Figure  4)  show  significant  activity  in  this  area.  However, 
instrumentally  located  seismicity  (Figure  6)  here  is  virtually  absent. 

Thus  this  ai.ea  supports  the  thesis  that  faults  with  Quaternary  activity 
should  be  considered  as  potential  sites  for  future  earthquakes,  even 
though  the  instrumental  record  or  a short  historical  record  shows  very 
little  seismicity. 

The  relatively  few  instrumentally  located  epicenters  in  southeastern 
China  compared  to  the  historical  record  appears  to  reflect  only  the  smaller 
time  interval  used  for  the  instrumentally  located  epicenters.  That  is, 
for  the  area  bounded  by  longitudes  105°E  and  120°E  and  latitudes  20°N  and 
30°N,  the  instrumentally  recorded  earthquakes,  if  recorded  at  the  same 
rate  for  600-800  years,  would  produce  approximately  the  number  recorded 
historically.  The  historical  record  includes  more  than  this  600-800  years, 
but  much  of  the  record  is  incomplete.  One  important  aspect  of  the  historical 
record  for  southeastern  China  is  that  it  demonstrates  that  small  earthquakes, 
usually  less  than  magnitude  6,  occur  throughout  this  region.  Other  intra- 
plate areas  may  have  similar  diffuse  seismicity  over  a period  of  a few 
thousand  years. 
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Shih  et  al.  (1974b)  have  attempted  to  quantify  the  length  of  record 
needed  by  studying  cycles  of  seismicity.  They  divided  China  into  23 
seismic  zones  and  determined  active  and  quite  periods  for  each  zone 
(for  example,  see  Figure  7).  They  found  that  the  average  length  of  a 
cycle  decreases  from  700-1000  years  for  nearly  aseismic  regions  such 

as  southeastern  China  to  15-18  years  for  highly  seismic  regions  such 
as  Taiwan,  although  notable  exceptions  to  this  decrease  in  period  with 

increase  in  seismicity  do  exist  (Allen,  1975).  The  cycle  could  sometimes 
be  divided  into  several  stages,  the  final  stage  culminating  with  a large 
earthquake.  If  such  cycles  are  applicable  to  other  intraplate  areas, 
which  often  have  historic  records  of  only  a few  hundred  years  at  most, 
then  clearly  other  studies,  such  as  of  Quaternary  faulting,  are  needed  to 
realistically  evaluate  seismic  risk. 

CONCLUSIONS 

Because  most  of  the  instrumentally  located  intraplate  seismicity  in 
China  is  north  of  the  Himalayas,  this  seismicity  may  be  caused  by  the 
continuing  collision  of  India  and  Eurasia.  The  resulting  high  relief  of 
the  Himalayas  and  Tibet  and  the  clusters  of  intermediate  depth  earthquakes 
beneath  the  Hindu  Kush  and  Burma  distinguish  this  area  from  other  active 
collision  zones  around  the  world.  Using  fault  plane  solutions  and  LANDSAT 
imagery,  Molnar  and  Tapponnier  (1975)  have  concluded  that  the  intraplate 
deformation  is  caused  by  high  stresses  transmitted  from  the  collision  zone. 
In  our  more  detailed  study  of  the  imagery  the  inferred  senses  of  motion 
on  the  strike-slip  faults  in  western  China  (Figure  4)  are  broadly  consistent 
with  their  hypothesis.  Our  inferred  left-lateral  motion  on  the  fault 
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immediately  northeast  of  the  Tarim  Basin  (see  Figure  3D)  is  opposite 
to  theirs,  but  this  location  is  in  an  area  of  transition  bet;  .en  left- 
and  right-lateral  faulting,  and  hence  the  change  does  not  appear  to  affect 
their  conclusion.  Based  on  fault  plane  solutions,  they  choose  right-lateral 
motion  on  the  northwest  trending  faults  in  Russia  north  of  the  Tarim 
Basin,  but  we  have  found  no  evidence  in  the  imagery  for  either  sense  of 
motion.  Becar.se  this  charge  from  left-  to  right-lateral  faulting  is  critical 
to  their  model  our  data  do  not  unambiguously  support  their  model.  However, 
other  fault  plane  solutions  (Das  and  Filson,  1975)  show  east-west  trending 
thrust  faults  near  the  same  area,  which  have  a direction  of  maximum 
compressive  stress  consistent  with  right-lateral  motion  on  northwest  trend- 
ing faults  and  hence  can  be  interpreted  as  supportive  of  Molnar  and 

Tapponnier's  model  for  this  area. 

A particularly  difficult  fault  zone  to  mode]  in  terms  of  stress 
guided  from  major  plate  boundaries  is  between  Tibet  and  the  Swechwan  Basin 
at  approximately  100°E.  Its  north  to  northwest  strike  would  indicate 
right-lateral  faulting  if  its  motion  were  to  be  similar  to  the  plate 
boundary  nearby  in  Burma.  However,  historic  breaks  (Table  1)  and  fault 
plane  solutions  demonstrate  that  this  fault,  which  is  clearly  visible 
on  LANDSAT  imagery,  is  left-lateral.  Thus  this  area  is  either  moving 
independently  of  the  Himalaya  collision  zone  processes  or  responding  to 
the  collision  by  "squeezing"  out  material,  as  Molnar  and  Tapponnier  (1975) 

suggested. 

East  of  105-110°E  the  style  of  deformation  changes  rapidly.  The 
left-lateral  faults  of  western  China  decrease  in  number  and  the  normal 
faults  of  the  Shansi  graben  predominant.  Fault  plane  solutions  indicate 
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that  the  north-northeast  trending  faults  to  the  east  and  northeast  of 
the  graben  are  right-lateral.  Das  and-Filson  (1975)  point  out  that 
north-south  compression  southwest  of  Lake  Baikal  quickly  changes  to 
northwest  trending  extension  within  the  Baikal  rift  zone.  Molnar 
and  Tapponnier  (1975)  relate  the  Cenozoic  Shansi  and  Baikal  grabens 
to  the  large  strike-slip  faults  and  not  to  upper  mantle  diapirism 
beneath  the  grabens.  Both  of  these  gabrens  are  bounded  on  the  south 
by  strike-slip  faults  that  appear  to  end  near  the  grabens  (Figure 
4).  The  Cenozoic  displacements  near  the  end  of  th  i faults  may  have 
been  taken  up  by  the  opening  of  the  grabens.  This  is  best  seen  in 
the  Shansi  graben,  where  left-lateral  displacements  have  been 
observed  on  the  strike-slip  fault  system  and  the  graben  is  clearly 
widest  at  the  southern  end.  We  note  that  the  termination  of  a 
strike-slip  fault  near  one  end  of  an  intraplate  graben  may  dis- 
tinguish this  mechanism  of  formation  from  other  ones. 

To  explain  the  change  in  tectonics  from  western  to  eastern 
China,  Shi  et  al.  (1973)  postulated  that  India-Eurasia  plate  boundary 
causes  deformation  in  the  west  and  that  stresses  from  the 
Pacif ic-Eurasia  boundary  predominate  in  the  east.  The  smaller 
Phillippine  plate  would  not  ^ 
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be  as  important.  While  this  model  does  account  for  the  change  in  strike- 
slip  faulting  from  vest  to  east,  the  mechanism  by  which  stresses  are  trans- 
mitted from  the  Japanese  arc  subduction  rone  with  its  complications  of 
back-arc  spreading  is  le^s  apparent  than  for  stress  transmission  from  the 

Bimaliyas  (discussed  by  Molnar  and  Tapponnier,  1975). 

The  models  discussed  thus  far  involve  internal  deformation  within 
the  Eurasian  plate.  The  existence  of  nearly  aseismic  blocks,  the  basins 
disucssed  earlier,  separated  by  areas  with  seismicity  and  Quaternary 
faults  lends  support  to  the  concept  of  a mosiac  of  small  plates  instead  of 
internal  deformation.  The  boundaries  between  these  plates  would  not  be 
single,  discrete  faults  but  broad  rones  of  faults.  While  this  concept 
is  useful  in  pointing  out  that  deformation  is  not  uniform  across  China 
but  is  often  concentrated  in  certain  rones,  a satisfactory  division  of 
all  of  the  region  in  Figure  4 into  small  plates  is  uot  apparent.  The 
main  problem  is  that  the  rones  of  deformation  do  not  form  a continuous 
network.  Das  and  Filson  (1975)  attempted  to  divide  the  region  in  Figure 
4 into  six  Plates.  However,  their  attempt  is  not  highly  satisfying  because 
much  deformation  occurs  far  from  their  boundaries  and  large  segments  of 
their  boundaries  are  not  associated  with  seismicity  or  Quaternary  faulting. 
Therefore  we  would  classify  the  deformation  away  from  the  major  plate 
boundaries  as  intraplate,  tectonics. 

Although  the  sources  of  high  stress  in  intraplate  regions  of  the  world 
may  well  vary  from  area  to  area,  there  are  certain  similarities  in  the 
responses  of  the  crust  to  these  stresses.  One  characteristic  is  reactiva- 
tion of  Phanetoroic  orogenic  belts.  In  addition  to  the  reactivated 


zoic  belts  in  China  mentioned  earlier,  others  belts,  usually  with  minor 
seismicity,  are  the  Appalachians  in  eastern  North  America  and  the 
Tasman  and  Adelaide  Geosynclines  in  Australia.  While  it  is  usually 
difficult  to  prove  that  the  seismicity  is  associated  with  pre-existing 
faults,  the  observation  that  earthquakes  often  occur  within  the  orogenic 
belt  but  rarely  on  adjacent  platform  areas  is  suggestive  of  such  an 
association.  There  is  field  evidence  for  Quaternary  movement  on  pre- 
existing faults  in  the  Tien  Shan  (Dergunev,  1972),  Altai  (Adamenko,  1971) 
and  Nan  Shan  (Shih  et  al.,  1974a,  Yu,  1963)  ranges.  Other  Paleozoic 
ranges,  such  as  the  Khingans  in  northeast  China  and  the  Urals  in  Russia, 
appear  to  have  only  very  minor  seismicity.  Thus  reactivation  of  Phanerozoic 
orogenic  belts  in  intraplate  regions  is  common  but  not  universal. 

This  effect  of  pre-existing  zones  of  weakness  may  explain  why  India 
has  very  few  earthquakes  compared  to  the  region  north  of  the  Himalayas. 

Other  than  the  Cretaceous  to  Early  Tertiary  flood  basalts,  India  consists 
predominantly  of  Precambrian  shield  rocks,  many  of  whose  fault  zones  may 
have  been  healed  through  metamorphism.  Occasional  earthquakes  such  as  the 
196-*  Koyna  earthquake  (M-6.4)  and  the  1969  Bhadrachulam  earthquake  (M-5.7) 
indicate  that  India  is  under  high  north-south  compressive  stress,  but  the 
lack  of  Phanerozoic  orogenic  belts  in  India  may  dictate  a different  response 
to  high  stresses  than  for  China. 

In  China  ar.d  other  intraplate  regions  there  are  also  large  earthquakes 
that  do  not  occur  within  Phanerozoic  orogenic  belts.  Earthquakes  within 
and  to  the  east  and  northeast  of  the  Shansi  graben,  in  the  Rhinegraben, 
in  the  central  Mississippi  River  valley,  and  in  the  St.  Lawrence  valley 
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Jre  examples.  The  locations  of  such  earthquakes  are  still  usually  sites 
of  pre-existing  weaknesses.  Because  these  earthquakes  are  usually  infrequent 
geological  and  geophysical  investigations,  such  as  of  Quaternary  faulting, 
are  especially  valuable  in  these  regions. 
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Date 
(D.M.Y . ) 

Time 

(U.T.) 

Latitude 

(°K) 

Longitude 

(°E) 

Magnitude 

17.09.1303 

— 

36.3 

111.7 

8.0 

23.01.1556 

— 

34.5 

109.7 

8.0 

29.12.1604 

— . 

25.0 

119.5 

8.0 

25.07.1668 

— 

35.3 

118.6 

8.5 

02.09.1679 

— 

40.0 

117.0 

8.0 

18.05.1695 

— 

36.0 

115.0 

8.0 

03.01.1739 

— 

38.9 

106.5 

8.0 

06.09.1883 

— 

25.2 

103.0 

8.0 

22.08.1902 

— 

39.5 

76.0 

8.25 

07.06.1904 

08:17:54 

40.0 

134.0 

7.9 

24.08.1904 

20:59:54 

30.0 

130.0 

7.9 

04.04.1905 

00:50:00 

33.0 

76.0 

8.6 

02.06.1905 

05:39:42 

34.0 

132.0 

7.9 

09.07.1905 

09:40:24 

49.0 

99.0 

8.4 

23.07.1905 

02:46:12 

49.0 

98.0 

8.7 

22.12.1906 

18:21:00 

43.5 

85.0 

8.3 

07.07.1909 

21:37:50 

36.5 

70.5 

8.1 

10.11.1909 

06:13:30 

32.0 

131.0 

7.9 

12.04.1910 

00:22:13 

25.5 

122.5 

8.3 

03.01.1911 

23:25:45 

43.5 

77.5 

8.7 

18.02.1911 

18:41:03 

40.0 

73.0 

7.8 

15.06.1911 

14:26:00 

29.0 

129.0 

8.7 

23.05.1912 

02:24:06 

21.0 

97.0 

7.9 

05.06.1920 

O'-  21:28 

23.5 

122.0 

8.3 

” * 1"  M * p m 1 !W— t 


Date 

(D.M.Y.) 

16.12.1920 

15.11.1921 
22.05.1927 
10.08.1931 

15.01.1934 

14.02. 1934 

12.09.1946 

20.12.1946 

29.07.1947 

15.08.1950 

18.11.1951 

27.06.1957 

04.12.1957 


TABLE  2 


EARTHQUAKES  OF 

CHINA  AND 

SURROUNDING  REGIONS 

(continued) 

Origin 

Time 

(U.T.) 

Latitude 

C°N) 

Longitude 

(°E) 

Magnitude 

12:05:48 

36.0 

105.0 

8.6 

20:36:38 

36.5 

70.5 

8.1 

22:32:42 

36.75 

102.0 

8.3 

21:18:40 

47.0 

90.0 

7.9 

08:43:18 

26.5 

86.5 

8.4 

03:59:34 

17.5 

119.0 

7.9 

15:20:20 

23.5 

96.0 

7.8 

19:19:05 

32.5 

134.5 

8.4 

13:43:22 

28.5 

94.0 

7.9 

14:09:30 

2G.5 

96.5 

8.7 

09:35:47 

30.5 

91.0 

7.9 

00:09:28 

56.4 

116.5 

7.9 

03:37:48 

45.2 

99.2 

8.3 
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Figure  4. 


. Mosiac  of  LANDSAT  imagery  of  China  and  surrounding  regions.. 
Approximately  Lambert  conic  conformal  projection. 

. Physical  features  of  China  and  surrounding  regions. 

. A.  Lower  fault  is  part  of  the  major  fault  indicated  in 
Figure  4 by  a solid  line  immediately  southeast  of 
the  Tarim  Basin.  Upper  faults  are  smaller  subsidary 
_ faults.  Center  of  image  is  approximately  40°N, 

95  l/2°E. 

B.  An  apparently  naturally  dammed  lake  along  the  same 
major  fault  as  in  Figure  3A.  Lake  is  approximately 
at  38  1/2°  N,  90°E. 

C.  Portion  of  the  left-lateral  Bogdo  fault,  which  moved 

in  1957  (Table  1).  Fault  is  in  Mongolia  at  approximately 
45°N. 

D.  Apparent  left-lateral  offset  of  dark  rock  unit  along 
fault  immediately  northeast  of  the  Tarim  Basin  (Figure  4). 
Center  of  image  is  approximately  41°N,  91  1/2°E. 

Map  of  large  earthquakes  (M  6)  and  of  Quaternary  faulting 
interpreted  from  LANDSAT  imagery.  Sense  of  fault  movement 
inferred  from  imagery  is  indicated  by  arrows  with  open  heads 
and  determined  from  known  surface  faulting  is  indicated  by 
arrows  with  solid  heads. 


Figure  5.  Seismicity  of  China  and  surrounding  regions  from  historical 


Figure  6 


Figure  7 


records. 

Instrumentally  located  seismicity  of  China  and  surrounding 
regions. 

Examples  of  active  and  quiet  periods  of  seismicity  in  two 
regions  of  China.  From  Shih  et  al.  (1974b). 
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ABSTRACT 

A series  of  destructive  earthquakes  occurred  in  northern  China  during 
March  1966  in  an  area  with  no  previous  instrumental ly-located  seismicity. 

The  tectonics  of  this  intraplate  region  are  poorly  understood.  Examination 
of  LAND SAT" 1 imagery  revealed  evidence  of  recent  surface  faulting  in  thib 
and  other  nearby  regions  of  northern  China.  The  method  of  "Joint  Epiec  ter 
Determination"  (JED)  was  used  to  relocate  the  epicenters  of  the  earthquakes. 
The  best  relocations  were  obtained  with  the  JED  method  using  a station- 
corrected  calibration  event.  These  locations,  along  with  published  fault 
plane  solutions,  historical  earthquake  records,  and  LAND SAT- 1 Imagery  are 
in  vary  good  agreement  with  the  published  field  investigations  that  reported 
the  earthquakes  to  have  occurred  along  a large  right-lateral  strike-slip 
fault  zone.  The  sense  of  motion  on  this  strilce-slip  feature  appears  to 
be  related  to  an  extensions!  stress  system  oriented  NNW-SSE  in  the  region 
of  the  Shansi  Graben  and  the  North  China  Plain. 
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INTRODUCTION 

The  seismicity  of  intraplatc  areas  is  very  poorly  understood  due  to 
the  sporadic  occurrence  and  diffuse  distribution  of  intraplatc  earthquakes. 

The  problem  is  further  complicated  by  the  fact  that  detailed  field  studies 
of  these  intraplate  areas  are  not  always  possible.  It  is  thus  desir  ' !.e 
to  develop  reliable  techniques  using  remote  sensing  data  to  study  these  areas. 
Seismogram  recorded  at  tele seismic  distances  and  satellite  imagery  are 
ideally  suited  for  this  type  of  investigation. 

These  data  are  used  to  examine  a series  of  earthquakes  that  occurred 
in  northern  China  — an  area  veil  within  the  boundaries  of  the  Eurasian 
Plate.  The  results  of  extensive  field  Investigations  are  available  for 
the  earthquakes  so  that  comparison  can  be  made  between  these  field 
investigations  and  the  results  from  seismic  and  optical,  remote  sensing. 

This  paper  compares  various  methods  of  location  using  telescismic  data 
in  order  to  determine  as  accurately  and  precisely  as  possible  the  spatial 
distribution  of  the  earthquakes.  The  best  locations,  fault  plane  solutions, 
and  satellite  imagery  all  agree  with  published  field  investigations  and  show 
that  the  earthquakes  occurred  along  a large  right-lateral  strike-slip 
fault  zone.  It  is  concluded  that  careful  relocation  procedures  and 
detailed  analyses  of  sat~xlite  imagery  make  it  possible  to  locate  faults 
associated  with  shallow  focus  intraplate  seismicity  using  remote  sensing 
data. 

REGIONAL  GEOLOGY  AND  TECT0N1CL 

Figure  1 is  a map  of  the  instrumentally  located  t,  ismicity  of  Ch  na 
and  surrounding  regions  from  190'*  to  February,  1975.  There  is  a large 
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difference  in  the  seismic  activity  between  eastern  and  western  China. 

Eastern  China  is  presently  characterized  by  a low  level  of  activity, 
although  historical  records  show  that  there  have  been  periods  of  higher 
activity  in  the  past.  The  large  number  of  events  shown  in  the  center 
of  the  outlined  area  is  investigated  in  this  paper. 

Figure  2 shows  the  shallow-focus  seismicity  and  major  tectonic 
features  of  the  region  outlined  in  Figure  1.  The  physiographic  features 
and  faults  are  mapped  from  LANDSAT-1  (formerly  ERTS-A)  imagery.  The 
only  lineations  mapped  are  those  that  are  greater  than  ten  kilometers 
long,  reasonably  straight,  and  offset  streams  or  cut  alluvial  deposits  in 
a consistent  direction.  Other  criteria  considered  are  observabxe  scarps  and 
lineations  separating  different  rock  textures  and  tonal  differences  on  either 
side.  These  criteria  are  used  to  define  Quaternary  faulting  in  Figure  2A. 

The  fault  types  are  unclassified  except  where  both  the  imagery  and  the 
geologic  literature  support  existence  of  normal  faulting.  The  Quaternary 
or  younger  age  of  many  of  these  faults  is  verified  in  the  published 
Chinese  literature. 

Figure  2B  is  the  same  base  map  as  in  Figure  2A  showing  historically 
reported  epicenters  from  the  Chinese  Earthquake  Catalog  by  the  Academia 
Sinica  (1970).  These  epicenters  cover  the  period  from  1177  B.C.  to  1903 
A.D.  and  are  the  result  of  an  intense  study  of  pre-instrumental  epicenter 
locations  by  the  Academia  Sinica. 

In  the  region  shown  in  Figure  2 the  physiography  and  the  various 
tectonic  features  such  as  faults  have  predominantly  north-northeast  and 
northeast  trends.  The  region  where  the  1966  earthquake  series  occurred 
(outlined  area)  is  on  the  western  edge  of  the  North  China  Plain.  The 
North  China  Plain  has  an  elevation  of  less  than  100  meters  and  is  a 
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sediment-filled  bacin  surrounded  by  uplifted  areas  with  elevations  over 
one  kilometer.  In  parts  of  the  basin  there  are  up  to  seven  kilometers  of 
sedimentary  fill  above  the  basement  (Terman,  1974).  The  lowermost 
sedimentary  strata  are  Cambrian  silts  and  clays  that  lie  above  the 
crystalline  basement.  In  the  outlined  area  there  is  about  one  kilometer 
of  sediment  overlying  the  basement,  and  this  sediment  cover  rapidly  thins 
to  the  west  (Yao  et  al. , 1974).  Chang  (1959)  cites  evidence  that  this 
basin  has  been  continuously  subsiding  since  the  middle  to  late  Tertiary. 

More  recently,  Chen  et  al.  (1975)  determined  a subsidence  rate  of  5 mm/yr 
in  the  outlined  region.  The  crustal  thickness  is  about  40  km  (Yao  et  al. , 
1974).  V _ 

Terman  (1974)  and  various  others  have  shown  the  western  edge  of 
the  North  China  Plain  to  be  faulted  down  against  the  northeast-trending 
T ' ai-Hang  Mountains.  Here  the  T'ai-Hang  Mountains  are  composed  of 
metamorphosed  schists  and  gneiss  of  Archean  age.  The  basin  was  caused 
by  the  sinking  of  the  eastern  portion  of  the  range  (Chang,  1959).  There 
is  abundant  geomorphologic  evidence  that  the  T'ai-Hang  Mountains  are 
still  being  uplifted  (Huang,  1960).  These  mountains  include  north-northeast 
striking  faults  with  apparent  Quaternary  movement. 

The  Shansi  Graben  system  lies  to  the  west  of  the  T'ai-Hang  Mountains. 

It  is  a system  of  grabens  defined  by  north-northeast  and  northeast  striking 
faults  that  lie  between  the  T'ai-Hang  Mountains  and  the  Lii -Liang  Mountains. 
This  graben  system  is  one  of  the  largest  in  the  world.  The  normal  faults 
have  evidence  of  Quaternary  movement  and  some  of  China's  most  destructive 
earthquakes  have  occurred  in  this  graben  system.  In  addition  to  the 
T'ai-Hang  Mountains,  the  Lii  -Liang  Mountains  and  the  Crdos  Platform 
(containing  the  Ordos  Desert)  are  all  undergoing  recent  uplift  (Huang, 

1960).  There  is  a continuation  of  the  graben  system  to  the  west  of  the 


Ordos  Platform.  In  summary,  all  the  tectonic  features  west  of  the  North 
China  Plain  are  undergoing  uplift  except  for  the  relative  subsidence  in 
the  grabens . 

To  the  north  are  the  Yin  Mountains  and  to  the  south  are  the  Tsinling 
and  Ta-Pieh  Mountains.  These  ranges  are  being  uplifted  also  and  have  many 
northeast  trending  faults  in  them  in  addition  to  faults  with  other  strikes 
(Chang,  1960).  The  North  China  Plain  is  bounded  on  the  east  by  the 
uplifted  T’ai  Mountains.  This  range  was  formerly  connected  to  the  Ch'ien 
Mountains  across  the  Gulf  of  Chili.  There  is  evidence  of  recent  uplift 
here  and  the  faults  strike  northeast  and  northwest. Pavlinov (1960)  shows 
downfaulting  of  the  North  China  Plain  relative  to  the  uplifted  T'ai 
Mountains.  Although  it  cannot  be  clearly  seen  on  the  LANDSAT-1  imagery, 
there  is  a large  north-northeast  trending  fault  zone  crossing  the  T’ai 
Mountains,  continuing  across  the  Gulf  of  Chili,  and  then  extending  to  the 
northeast  at  the  western  edge  of  the  Ch'ien  Mountains.  This  fault  zone 
has  been  called  the  Tancheng-Lukiang  fault  zone  by  Wilson  (1972) , and 
the  Chinese  claimed  to  have  predicted  the  large  February  1975  earthquake 
(M  = 7.2)  along  this  fault. 

By  combining  both  instrumentally  located  events  with  the  historically 
reported  events  it  is  possible  to  determine  several  seismic  zones  with 
northeast  trends  in  this  region.  One  zone  is  defined  mainly  by  large 
historical  earthquakes  and  trends  north-northeast  through  the  Shansi  graben 
system.  It  then  bends  northeast  towards  Peking.  The  graben  west  of  the 
Ordos  Platform  is  also  defined  by  a north-south  trending  seismic  zone. 

There  is  some  suggestion  of  a seismic  zone  which  follows  the  boundary 
between  the  eastern  edge  of  the  uplifted  T'ai-Hang  Mountains  and  the 
western  edge  of  the  North  China  Plain.  This  zone  is  parallel  to  the  Shansi 


Graben  zone  and  intersects  it  near  Peking.  The  1966  series  of  earthquakes 
would  be  part  of  this  zone.  Another  diffuse  north-northeast  trending 
seismic  region  possibly  occurs  in  the  T'ai  Mountains  south  of  the  Gulf  of 
Chili  and  extends  to  the  western  edge  of  the  Ch'ien  Mountains.  It  is  not, 
however,  clear  whether  two  distinct  zones  ec:ist  or  whether  the  seismicity 
east  of  the  Shansi  Graben  system  is  more  complex. 

Although  the  region  of  the  North  China  Plain  and  Shansi  Graben  is 
considered  an  "intraplate"  area,  the  historical  record  (Figure  2B)  shows 
that  a number  of  very  large  earthquakes  have  occurred  there.  For  example, 
the  Academia  Sinica  (1970)  lists  seven  shocks  with  estimated  magnitudes 
greater  than  or  equal  to  8.0  for  the  time  period  1303  to  1739. 

The  directions  of  faulting  determined  from  fault  plane  solutions  shown 
in  Figure  2A  are  from  Molnar  et  al.  (1974)  and  Banghar  (1974).  The  fault 
plane  solutions  for  the  earthquakes  in  the  North  China  Plain  all  show 
right-lateral  strike-slip  motion  along  northeast  striking  planes.  The 
series  of  earthquakes  investigated  in  this  paper  is  shown  in  the  outlined 
region  of  Figure  2A.  Coe  (1971),  the  American  Seismology  Delegation  to  China 
(1975),  Chen  et  al.  (1975),  the  Geodetic  Survey  Brigade  for  Earthquake 
Research  (1975),  and  various  others  have  visited  this  area  since  the 
earthquakes  occurred  and  reported  on  a broad  north-northeast  striking 

fault  zone. 


LAND SAT-1  IMAGERY 

Figure  3 shows  a band  7 LAND SAT- 1 image  (photo  number  1486-02285)  of 
the  region  outlined  in  Figure  2.  It  is  evident  from  the  imagery  that 
there  is  a fault  scarp  in  the  T'ai-Hang  Mountains  to  the  southwest  of 
Hsing-t'ai.  One  can  follow  a linear  from  the  fault  scarp  to  the  northeast 


along  a trend  of  *C2  E.  This  linear  is  defined  by  offsets  and  kinks  in 
stream  channels,  linear  is  also  defined  by  a contrast  in  shading  on 

opposite  sides  of  the  lineament.  Since  near  infrared  imagery  is  used 
this  shading  contrast  may  indicate  a slight  difference  in  water  content  of 
the  soil  on  opposite  sides  of  the  linear  zone.  The  darker  coloration  lies 
to  the  east  of  the  linear  in  an  area  of  many  irrigations  ponds  and  channels. 
This  linear  may  be  a continuation  of  the  fault  scarp  into  the  sediment- 
filled  basin  or  perhaps  a boundary  of  a fault  zone.  In  the  following 
figures  the  fault  scarp  in  the  mountain  is  shown  as  a solid  line  and  the 
linear  is  shown  as  a dotted  line.  Although  the  linear  may  or  may  not 
represent  the  fault  or  the  boundary  of  the  fault  zone,  for  this  paper  the 
lineation  will  be  used  as  a fixed  reference  line  with  which  to  compare 
the  epicenters  relocated  by  different  techniques. 

SEISMICITY 

Historical  records  of  seismicity  for  northern  China  are  complete  for 
almost  3000  years.  The  small  region  of  the  North  China  Plain  outlined 
in  Figure  2 has  been  aseismic  for  much  of  this  time.  Only  seven  events 
were  reported  for  this  area  prior  to  1966  and  none  were  instrumentally 
located.  Five  events  were  small  and  are  probably  not  well  located.  The 
remaining  two  have  estimated  magnitudes  of  6.0  and  are  probably  reasonably 
well  located.  The  dates  for  these  two  events  are  777  and  1882.  The 
locations  are  shown  in  Figure  2B  and  as  crosses  in  Figure  4A.  Since  1882, 
no  other  historically  reported  or  instrumentally  recorded  events  occurred 
until  1966.  On  March  7,  1966  at  2129  GMT,  a devastating  earthquake 
occurred  in  a rural  area  near  Hsing-T'ai  in  the  Hopei  Province,  China 
(about  300  km  southwest  of  Peking).  Although  statistics  on  fatalities  and 
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injuries  are  not  available,  the  figures  were  probably  high.  Coe  (1971) 
visited  the  village  of  Sha  Wan,  30  1cm  from  the  epicenter,  and  reported 
that  70  percent  of  the  houses  in  that  village  had  collapsed  and  that  the 
rest  were  "unfit  to  live  in."  This  event  was  the  first  of  30  earthquakes 
of  magnitude  4.3  (m^)  or  greater  that  occurred  that  month  and  continued  with 
decreasing  frequency  and  magnitude  for  the  next  few  years.  It  was  because 
of  these  destructive  events  that  the  Chinese  began  their  intensive  earthquake 
prediction  program.  These  events  illustrate  the  need  for  caution  in  basing 
seismic  risk  zoning  on  instrumental  and  even  historical  seismicity.  Figure 
4A  shows  the  historical  and  instrumentally  located  earthquake  epicenters  in 
the  region  outlined  in  Figure  2. 

Figure  5 shows  the  sequence  of  earthquakes  for  the  first  two  months 
as  reported  by  the  PDE  (Preliminary  Determination  of  Epicenters).  The  March  7, 
event  (with  a magnitude  (Mg)  of  6.8)  initiated  the  series.  Eight  other 
events  with  magnitudes  (n^)  greater  than  4.2  quickly  followed  within  the 
next  four  days.  The  next  large  event  was  the  magnitude  5.6  (mb) 
earthquake  of  March  22,  1966  at  0811  GMT  followed  eight  minutes  later  by 
a magnitude  7.0  (Mg)  earthquake.  The  damage  from  these  two  events  was 
considerable.  A series  of  eight  additional  events  (located  by  the  PDE) 
followed  during  that  day.  A total  of  thirty  events  occurred  during  the 
month  of  March.  The  activity  decreased  in  frequency  and  magnitude  the 
rest  of  that  year  for  a total  of  40  events.  Eight  other  teleseismically 
recorded  events  occurred  from  1967  to  1968.  The  largest  had  a magnitude 
of  5.8  (m^)  in  January  1968.  Since  then  only  one  small  event  (m  = 4.8' 
occurred  in  June  1974. 

In  addition,  there  have  been  several  reports  of  continuing  micro- 
earthquake activity  in  the  area  (Coe,  1971;  Li  et  al. , 1973;  Yao  et  al. . 

1974).  These  data  will  be  examined  later  in  this  paper. 


Although  Figure  4A  shows  a definite  clustering  of  events  in  space, 
the  spatial  pattern  is  ill  defined.  In  order  to  better  define  the  pattern, 
each  earthquake  was  individually  examined  to  determine  the  quality  of  the 
ISC  (International  Seismic  Centre)  location.  Events  were  rejected 
if  reported  by  too  few  stations,  if  the  azimuthal  distribution  of  the 
stations  is  poor,  or  if  the  residuals  are  anomalously  large  owing  to 
emergent  first  arrivals  and  small  amplitudes.  Of  the  49  teleseismic  events, 

14  were  rejected,  and  the  remaining  35  events  are  plotted  in  Figure  4B. 

Although  this  greatly  reduces  the  scatter  of  epicenters  and  somewhac 
defines  a lii  ear  grouping,  the  trend  of  the  pattern  of  the  epicenters  is 
still  uncertain.  The  ISC  locations  are  subject  to  errors  due  to  station 
and  path  effects.  These  errors  affect  the  accuracy,  and  because  of  the 
variable  network  of  stations,  affect  the  precision  of  the  locations.  The 
method  of  Joint  Epicenter  Determination  (JED;  Douglas,  1967;  Dewey,  1971, 

1972)  is  ideally  suited  for  precise  relocation  of  events  that  are  closely 
grouped  in  space  as  these  events  clearly  are,  and  was  chosen  to  improve  the 
precision  of  the  relative  locations. 

RELOCATION  OF  EVENTS  WITH  JOINT  .PICENTER  DETERMINATION 

The  JED  method  assumed  that  for  a given  set  of  closely  grouped  hypocenters 
the  combined  station  and  path  correction  is  constant  for  each  station. 

The  input  data  to  the  program  are  initial  earthquake  hypocenters,  a 
calibration  event  that  is  held  fixed  during  the  relocation,  initial  origin 
times  and  station  arrival  times  of  the  events,  all  taken  from  the 
Bulletin  of  the  International  Seismic  Centre.  Given  this  information, 
one  can  simultaneously  solve  for  a set  of  hypocenters,  origin  times,  and 
path-station  corrections  for  each  of  the  stations  used  in  the  relocations 
by  the  method  of  least  squares  using  the  Herrin  et  al.  (1968)  travel-time 
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tables . 

Thirty-five  earthquakes  were  relocated  by  this  method  with  a maximum 
of  17  possible  stations  per  earthquake  and  a minimum  of  7 stations  per 
earthfi«ak.p..  The  average  number  of  stations  used  per  earthquake  was  11. 

Stations  were  chosen  to  give  the  best  possible  uniform  azimuthal  and 
epicentral  coverage  as  well  as  reliability  of  readings.  Epicentral 
distances  were  all  between  20  and  90  degrees  (with  the  exception  of  Seoul, 
Korea  at  9.6  degrees)  from  the  events.  Table  1 gives  the  station  locations 
and  approximate  azLmuths  and  epicentral  distances. 

Since  the  critical  factor  in  the  relocations  is  the  quality  of  the 
arrival  time  readings,  the  records  were  reread  for  many  of  the  stations 
for  which,  in  the  original  ISC  locations,  there  was  a time  residual 
(observed  arrival  time  minus  calculated  arrival  time)  of  greater  than  one 
second. 

The  ISC  reported  depths  for  most  of  these  events  less  than  30  km  deep 
or  else  constrained  deoth  to  33  km.  These  depth  determinations  are  calculated 
from  arrival  times  of  P only.  Thus,  without  pP  data  or  arrival  times  at 
stations  very  close  to  the  source,  it  is  impossible  to  accurately  determine 
focal  depths.  In  order  to  check  the  ISC  depth  determinations  a study  was 
made  of  any  second  arrivals  on  the  long  and  short  period  vertical  components 
of  the  seismograms  in  an  attempt  to  identify  pP  or  sP  phases.  Depth 
phases  such  as  pP  are  not  clear  on  the  seismograms  of  these  events. 

However,  some  second  arrivals  were  observed  to  follow  the  initial  P phase 
by  4.5  to  8.0  seconds.  From  the  Herrin  et  al.  (1968)  tables,  this  time 
difference  would  correspond  to  a depth  range  of  15  to  30  km  if  the  second 
arrivals  were  pP  phases.  An  example  of  a second  arrival  is  shown  in 
Figure  6 for  the  earthquake  of  March  7,  1966  at  2129  GMT  for  station  ADE 


reading  errors.  In  this  study  a minimum  of  seven  well-distributed 
stations  were  used  for  each  earthquake.  It  is  asserted  that  the  station 
distribution  shown  in  Table  1 is  quite  adequate  for  accurately  determining 
the  investigated  epicenters.  This  assertion  will  be  shown  to  be  ruV< antiated 
by  the  tight  grouping  of  the  epicenters  with  nearly  circular  90%  confidence 
ellipses. 

Source  effects.  There  is  no  obvious  evidence  in  the  tectonics, 
physiography,  or  crustal  structure  (Yao  et  al. , 1974)  to  indicate  the 
presence  of  a large  velocity  anomaly  near  or  beneath  the  source  which 
would  cause  a bias  in  a teleseismic  location.  In  this  study  it  will  be 
assumed  that  there  is  no  source  effect.  Comparison  of  the  final  results 
with  local  studies  will  be  shorn  to  justify  this  assumption. 

Path  effects,  distant  station  corrections,  and  accuracy  of  travel- 
time  tables.  The  method  of  JED  assumes  that  for  a closely  grouped 
distribution  of  epicenters  the  combined  effects  of  individual  station 
corrections  and  travel  path  corrections  are  constant  for  all  the  earthquakes 
in  the  cluster.  The  method  computes  this  correction  for  each  of  the  rays 
from  the  epicenter  cluster  to  each  station  using  a least  squares  algorithm. 

The  accuracy  of  an  individual  epicenter  determined  by  the  JED  technique 
depends  on  two  factors.  First,  the  precision  of  an  epicenter  with  respect 
to  other  epicenters  is  determined  by  the  JED  method  of  relocation  using 
the  computed  path-station  correction.  Second,  the  accuracy  of  the  location 
of  the  entire  group  of  epicenters  depends  on  the  accuracy  of  the  chosen 
calibration  event  location.  These  two  factors  will  be  discussed 
separately. 

The  precision  of  one  epicenter  with  respect  to  the  others  is 
determined  by  the  quality  of  arrival  time  readings  and  the  station  distribution. 
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Good  arrival  time  readings  obtained  by  re-reading  seismograms  and  a good 
station  distribution  enabled  the  epicenters  to  be  relocated  quite  precisely 
with  respect  to  one  another.  It  should  be  noted  that  one  uncertainty  in 
this  study  is  the  difficulty  in  precisely  reading  the  arrival  times  of 
shallow  focus  emergent  earthquakes.  Of  the  34  relocated  epicenters 
(excluding  the  calibration  event  which  is  discussed  below)  94%  have 
epicenters  whose  90%  confidence  ellipses  have  semi-major  axes  less  than 
13.3  km.  In  addition  the  confidence  ellipses  are  nearly  circular 

which  indicates  that  there  is  little  bias  due  to  station  distribution,  The 
average  ellipticity  is  0.10.  The  semi-axes  of  the  ellipses  differ  from 
each  other  by  only  0.7  km  on  the  average.  Although  the  confidence  ellipses 
are  not  as  small  as  those  determined  for  some  deep  earthquakes  relocated 
by  Joint  Hypocenter  Determination  (Billington  and  Isacks,  1975),  they 
are  as  good  or  better  than  published  relocations  using  this  method  for 
shallow  events  (Dewey  and  Grantz,  1973;  Dewey  and  Algermissan,  1974; 

Qamar,  1974). 

The  precision  can  also  be  checked  by  noting  the  stability  of  an 
epicenter  located  with  respect  to  different  groups  of  earthquakes  with  the 

t- 

same  calibration  event.  Using  the  same  calibration  event  a test  group 
of  five  1966  earthquakes  was  located  with  a group  of  all  1966  events  and 
then  located  with  a group  of  post  1966  events.  After  both  relocations 
the  epicenters  were  nearly  identical  and  well  within  the  confidence 
ellipses.  For  the  two  relocations  the  epicenter  differences  were  less  than 
5 km  and  generally  less  than  1 km.  Therefore,  for  a given  calibration 
event  the  stability  and  precision  of  an  epicenter  with  respect  to  other 
epicenters  is  quite  good. 

The  position  of  the  calibration  event  must  be  chosen  with  care  because 


an  inaccurate  calibration  event  can  shift  the  entire  group  of  epicenters, 
although  the  position  of  the  epicenters  with  respect  to  each  other  remains 
essentially  the  same. 

The  calibration  event  used  in  this  study  is  the  event  of  March  22, 
1966  at  0811  GMT.  This  is  a well  recorded  event  reported  by  204  stations 
in  the  Bulletin  of  the  ISC.  The  epicentral  location  of  the  event,  taken 
from  the  Bulletin  of  the  ISC,  is  37.54°  ± 0.024°N  by  115.00°  ± 0.026°E, 
and  the  depth  is  constrained  to  be  at  the  surface.  The  accuracy  of  the 
calibration  event  location  can  be  partly  examined  by  using  a standard 
single-event  location  method  with  different  travel-time  tables  and 
published  station  corrections  to  see  how  much  the  resulting  locations 
vary.  Figure  7 and  Table  2 show  the  results  of  this  procedure. 

It  is  expected  that  the  "ISC"  and  "J-B"  locations  are  essentially 
the  same.  The  difference  in  travel-time  tables  results  in  a 5 km 
difference  in  location.  Since  the  Jeffreys-Bullen  tables  are  slow  with 
respect  to  the  Herrin  et  al.  tables,  this  explains  the  slightly  earlier 
origin  time  and  shallower  focus. 

Various  authors  have  considered  the  effects  of  using  station 
corrections  in  relocating  earthquakes.  Bolt  and  Nuttli  (1966)  and  Nuttli 
and  Bolt  (1969)  considered  the  effects  of  azimuthal  dependence  of  station 
corrections.  Four  published  sets  of  station  corrections  are  known  to 
the  authors.  Lilwall  and  Douglas  (1968)  calculated  azimuthally  dependent 
station  corrections  determined  from  earthquakes  and  explosions  using 
Herrin  et  al.  (1961)  travel-time  tables.  Cleary  and  Hales  (1966)  computed 
mean  value  station  corrections  determined  from  earthquakes  using  Jeffreys- 
Bullen  travel-time  tables.  Jacob  (1972)  calculated  mean  value  station 
corrections  from  the  Longshot  explosion  using  Herrin  et  al.  (1968)  travel- 
time tables.  Herrin  and  Taggart  (1968)  computed  azimuthally  dependent 


station  corrections  determined  from  earthquakes  using  Herrin  et  al.  (1968) 
travel-time  tables.  Although  for  many  stations  the  mean  value  residuals 
are  somewhat  similar,  there  is  considerable  scatter  in  the  variation  of 
the  azimuthal  dependence. 

In  Figure  7,  "station-corrected"  represents  the  location  of  the 
calibration  event  located  using  station  corrections  published  by  Herrin 
and  Taggart  (1968).  This  set  of  station  corrections  was  chosen  because 
of  the  inclusion  of  azimuthally  dependent  terms.  In  addition  these  station 
corrections  are  consistent  with  the  use  of  Herrin  et  al.  (1968)  tables  used 
in  the  JED  location  procedure.  The  largest  station  correction  is  1.53 
seconds  and  most  corrections  are  considerably  less.  From  Figure  7,  one 
can  see  the  "station-corrected"  location  differs  by  7.45  km  from  the 
"J-B"  location.  "ISC",  "J-B",  and  "Herrin"  locations  are  close  together 
while  the  "station-corrected"  location  is  the  most  noticeably  different. 

The  "ISC"  and  the  "station-corrected"  locations  are  chosen  as 
calibration  events  in  order  to  examine  the  effect  of  calibration  event 
mislocation.  The  final  locations  after  three  iterations  of  the  JED 
procedure  using  these  two  calibration  events  is  shown  in  Figures  4C  and 
4D  and  listed  in  Table  3.  Note  how  the  use  of  a different  calibration 
event  shifts  the  group  of  epicenters  compared  to  the  lineation  while  the 
relative  position  of  the  epicenters  remains  unchanged.  Also  note  how  both 
JED  relocations  clearly  provide  a better  epicenter  clustering  than  the 
best  ISC  locations  shown  in  Figure  4B.  The  JED  relocations  in  this  case 
form  a linear  epicenter  trend  that  makes  a tectonic  interpretation  less 
ambiguous  than  in  Figure  4B. 

This  section  has  considered  the  following  factors  affecting  the 
accuracy  of  the  locations  of  shallow  earthquakes:  station  distribution, 

source  effects,  path  effects,  distant  station  corrections,  and  travel-tine 


table  accuracy.  In  this  study  network  bias  is  eliminated  by  using  an  adequate 
station  distribution  including  redundancy  and  this  is  further  evidenced 
by  the  small  average  ellipticity  of  the  confidence  ellipses.  There  are  no 
obvious  anomalous  velocity  distributions  in  the  crust  of  the  epicentral 
region.  Path  and  station  corrections  are  determined  by  the  JED  method  to 
account  for  any  travel-time  anomalies  along  the  ray  path.  Since  almost 
all  of  the  stations  except  SEO  (at  9.5°)  are  located  at  greater  than  20° 
from  the  epicenters,  the  ray  paths  are  through  the  lower  mantle.  This 
suggests  that  the  corrections  are  mostly  for  crust  and  upper  mantle  at  the 
stations  since  the  lower  mantle  is  thought  to  be  relatively  homogeneous 
(Carder,  1964;  Jeffreys,  1968;  Muirhead  and  Cleary,  1969).  The  effect  of 
using  different  travel-time  tables  will  only  affect  the  location  of  the 
calibration  event  and  not  the  relative  locations  of  the  epicenters.  A 
check  on  the  accuracy  of  slightly  different  epicenters  for  the  calibration 
event  is  provided  in  the  next  section. 

MICROEARTHQUAKE  ACTIVITY 

In  Figures  4C  and  4D  both  epicenter  distributions  form  a linear  zone 
trending  N30°E  (±  5°)  which  is  parallel  to  the  LAND SAT- 1 lineation.  Location 
of  small  earthquakes  in  the  region  provides  independent  data  to  determine 
which  calibration  event  most  accurately  locates  the  epicenters.  Seismologists 
from  the  Institute  of  Geophysics  in  Peking  r ' < Hed  the  epicentral  area 
six  months  after  the  March  1966  events  wi  i data  from  seven  district 
(permanent)  stations,  five  temporary  stations,  and  some  portable  instruments 
well  distributed  on  and  around  the  faults  area  (Yao  et  al. , 1974).  They 
recorded  78  microearthquakes  in  a three-month  period  from  September  to 
November,  1966.  These  epicenters  are  plotted  in  Figure  8B.  The  average 
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magnitude  (M  ) was  between  3.0  and  3.5  although  events  were  reported  as 
s 

low  as  2.4  and  as  high  as  4.5.  There  is  no  obvious  relationship  between  the 
magnitude  or  location  of  an  event  and  the  time  the  microearthquake  occurred. 
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Another  microearthqualce  survey  was  conducted  by  Li  et  al.  (1973) 

using  nearby  stations.  They  recorded  231  small  events  from  1968  to  1972. 

These  epicenters  are  plotted  in  Figure  8C.  The  range  of  magnitude  (M  ) for 

s 

these  events  is  from  2.5  to  5.2.  The  trend  of  these  epicenters  is  N35°E 
which  is  the  same  as  the  trend  of  the  1966  microearthquakes  shown  in  Figure 
8B.  In  both  cases  the  epicenters  are  slightly  east  of  the  LANDSAT-1 
determined  linear.  The  JED  relocations  using  the  station-corrected 
calibration  event  of  Figure  4D  best  matches  the  distribution  of  microearth- 
quakes determined  by  Chinese  seismologists  using  local  stations.  This 
figure  is  shown  again  in  Figure  8A. 

The  majority  of  the  231  small  events  recorded  by  Li  et  al.  (1973) 
were  between  15  and  25  km  with  extremes  of  7 and  31  km.  These  depths  are 
similar  to  the  78  recorded  by  Yao  et  al.  (1974).  Figure  9 shows  two 
cross-sections  parallel  and  perpendicular  to  the  epicenter  trend  of  the 
microearthquakes  in  Figure  8B.  From  both  sections  it  is  apparent  that  the 
majority  of  the  microearthquakes  occurred  in  a 15  km  zone  from  12  to  27  km 
in  depht.  This  is  in  agreement  with  the  depths  determined  from  pP  phases 
and  ISC  depth  calculations  for  the  teleseismically  recorded  events. 


FAULT  PLANE  SOLUTIONS 

An  additional  check  on  the  epicenter  distribution  is  provided  by  using 
the  fault  plane  solutions  of  Molnar  et  al.  (1974).  They  determined  four 
fault  plane  solutions  for  the  series  for  the  events  1,  9,  10,  and  17.  Fault 
plane  solutions  for  events  10  and  17  are  not  well  constrained  due  to  poor 
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azimuthal  coverage.  The  azimuthal  coverage  for  events  1 and  9 is  better, 
but  clue  to  the  difficulty  in  reading  first  motions  from  emergent  phases  of 
shallow  focus  earthquakes,  as  well  as  the  small  amplitudes  near  the  nodal 
planes,  the  resulting  fault  planes  are  only  approximately  located.  On 
each  of  the  focal  diagrams  there  are  inconsistencies  in  the.  sense  of  motion 
around  the  nodal  planes.  The  resulting  fault  planes  they  determined  strike. 
N24°E  and  N20°E  for  events  1 and  9 respectively  as  shown  in  Figure  4C.  The 
faults  are  on  a vertical  plane  and  the  sense  of  motion  is  right-lateral 
strike-slip.  In  addition,  Li  et  al.  (1973)  determined  two  composite  fault 
plane  solutions  for  the  231  events  they  recorded  between  1968  and  1972. 
There  were  again  some  inconsistencies,  but  the  determined  nodal  plane 
strikes  N18°E  at  a dip  of  78°  (Figure  8C). 

DISCUSSION 

The  fault  zone  associated  with  the  1966  earthquakes  is  best  defined 
by  the  relocated  epicenters  in  Figure  4D  using  the  method  of  Joint 
Epicenter  Determination  along  with  a station-corrected  calibration  event. 
The  epicenter  trend  closely  matches  the  linear  determined  from  LAND SAT- 1 
imagery.  The  only  surface  manifestiation  of  the  faulting  were  some  sand 
volcanoes  in  the  supra-basement  sediments  (Bolt,  1971).  Chinese  geophysi- 
cists have  attempted  to  better  define  the  fault  zone  in  the  basement  rocks 
underlying  the  sediments  by  using  leveling,  seismic  reflection  and  seismic 
refraction  methods. 

Teng( et  al.  (1975)  used  artificial  explosions  to  determine  the 
structure  in  the  epicentral  area.  They  reported  results  showing  a complex 
fracture  zone  10-20  km  wide  with  deep  faults  extending  through  the 
Mohorovicic  discontinuity.  A report  by  the  Geodetic  Survey  Brigade  (1975) 
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correlated  releveling  measurements  with  the  seismically  determined  faults. 
The  faults  were  shown  as  northeast  and  north-northeast  normal  faults  and 
are  located  in  the  region  defined  by  the  JED  epicenters  and  microearthquakes 
of  Figure  8.  The  results  of  the  releveling  measurements  showed  right- 
lateral  horizontal  offset  accompanied  by  lesser  movements  of  horizontal 
extension  and  vertical  subsidence.  Chen  et  al.  (1975)  modeled  the  ground 
deformation  using  dislocation  theory  and  obtained  a model  of  compound 
faulting  in  a zone  30  km  wide.  The  faults  had  a strike  of  kB5°E  and 
were  mostly  right-lateral  strike-slip  faults  with  some  normal  faulting. 

Tliis  is  in  good  agreement  with  the  trend  determined  using  the  method  of 
JED  and  the  observed  LANDSAT-1  linear.  The  linear  determined  from  LAND SAT- 1 
imagery  matches  the  western  boundary  of  the  geophysically  determined  fault 
zone  of  the  Geodetic  Survey  Brigade.  This  explains  why  the  majority  of  the 
relocated  epicenters  and  the  microearthquakes  lie  to  the  east  of  the  linear. 

Chen  et  al.  (1975)  also  gives  the  locations  of  five  earthquakes  of 
the  1966  series.  They  did  not  report  on  the  location  method,  number  of 
reporting  stations,  station  distribution,  or  accuracy  of  the  given 
locations.  The  location  of  the  station-corrected  calibration  event 
determined  in  this  paper  is  only  1.6  km  different  from  that  reported  by 
Chen  et  al.  (1975).  One  of  the  largest  differences  in  location  is  for  the 
event  on  March  7,  1966,  From  the.  quality  listed  for  this  event  in  Table  8 
one  can  see  that  this  is  the  worst  relocation.  The  poor  location  is  because 
of  the  very  emergent  character  of  the  P arrivals.  This  event  was  included 
in  the  relocations  only  because  Molnar  et  al.  (1974)  published  a fault 
plane  solution  for  this  event.  This  epicenter  is  23  km  different  from  the 
Chinese  location. 

The  fault  zone  determined  by  the  JED  method  of  relocation,  LANDSAT-1 
imagery,  and  Chinese  geophysical  studies  is  parallel  to  many  other  northeast 
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striking  faults  in  northern  China.  In  addition  to  the  faults  shown  in 
Figure  2A,  holt  (1971)  reported  that  northeast  striking  faults  have  been 
extensively  napped  on  the  northern  part  of  the  North  China  Plain  near 
Peking.  Locally,  the  faulting  associated  with  the  1966  earthquakes  is 
subparallel  to  the  faulting  in  the  eastern  T’ai-Hang  Mountains. 

The  four  fault  plane  solutions  determined  for  the  1966  events  as 
well  as  the  two  others  in  the  North  China  Plain  all  have  nearly  horizontal 
T-axes  oriented  north-northwest — south-southeast.  The  direction  of 
horizontal  extension  determined  by  the  Geodetic  Survey  Brigade  (1975) 
from  releveling  data  is  also  in  this  direction.  In  addition  this 
orientation  of  the  T-axes  is  consistent  with  the  direction  of  extension 
of  the  Shansi  Graben  system.  Both  Bolt  (1971)  and  Li  et  al.  (1973)  have 
suggested  that  the  tectonics  of  northern  China  appears  to  be  controlled 
by  north-northwest — south-southeast  extension.  Molnar  et  al.  (1975) 
suggest  that  these  tectonics  are  end  effects  related  to  the  large  left- 
lateral  strike-slip  faults  in  central  and  western  China  that  strike 
east-west. 

Further  studies  are  necessary  to  determine  the  origin  of  the  stresses 
and  complex  tectonics  of  northern  China. 

CONCLUSION 

This  paper  evaluates  the  use  of  the  method  of  Joint  Epicenter 
Determination  along  with  LANDSAT-1  imagery  for  locating  fault  zones 
associated  with  shallow  focus  seismicity.  The  method  of  JED  is  a rational 
and  statistical  method  of  correcting  for  travel-time  anomalies  due  to 
station  and  path  effects.  JED  reduces  the  amount  of  scatter  of  epicenter 
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locations  even  when  compared  to  the  best  ISC  data.  By  carefully  examining 
a series  of  earthquakes  in  northern  China  it  is  concluded  that  one  can 
teleseismically  locate  well-determined  fault  planes  b>  using  the  method  of 
JED  in  conjunction  with  other  remote  sensing  techniques  such  as  fault 
plane  solution  studies  and  LANDSAT-1  imagery.  These  methods  can  provide 
valuable  tectonic  information  for  regions  where  detailed  field  studies 
are  not  possible. 
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TABLE  1 

STATIONS  USED  IN  THE  JED  RELOCATIONS 


n Abbreviat 

ion  Latitude 

Ltn-itude 

Epicentral  Distance 

Azimuth 

SEO 

37 . 57°N 

126.97°E 

9.5 

86 

BOD 

57.85  N 

114.18  E 

20 

358 

BAG 

16.41  N 

120.58  E 

22 

■ 165 

SHL 

25.57  N 

91.88  E 

23 

245 

CHG 

18.79  N 

93.93  E 

23 

221 

QUE 

30.19  N 

66.95  E 

40 

274 

KRV 

40.65  N 

46.33  E 

52 

296 

BRW 

71.30  N 

156.75  W 

54 

23 

KJN 

64.09  N 

27.71  E 

56 

328 

COL 

64.90  N 

147.79  W 

60 

29 

MBC 

76.24  N 

119.36  W 

61 

12 

CTA 

30.09  S 

146.25  E 

64 

147 

RES 

74.69  N 

94.90  W 

66 

8 

YKC 

62.48  N 

114.48  W 

73 

22 

BMO 

44.85  N 

117.31  W 

85 

34 

EUR 

39.48  N 

115.97  W 

90 

37 

UBO 

40.32  N 

109.57  W 

92 

33 

is  the  epi 

central  distance 

(in  degrees)  and  azimuth  from  the 

calibratri.cm  event:  to  the  station. 


__  , 


RELOC/.TEO  EFICIKIERS  FOR  THE  EARTHQUAKE  SERIES  IN  NORTHEASTERN  CHINA 
l.S.C.  CALIBRATION  EVENT  STATION  CORRECTED  CALIBRATION  EVENT 


EVENT 

DATE 

ORIGIN  TIME 

LATITUDE 

LONGITUDE 

QUALITY* 

0RICIN  TIME 

LATITUDE 

LONGITUDE 

quality* 

»;** 

magnitude  »“ 

1 

7/3/66 

21:29:12.25 

37.47 

115.03 

D 

21:29:17.19 

37.41 

115.12 

D 

16 

5.8  (6.8  Kb) 

2 

8/3/66 

00:04:48:22 

37.  77 

115.03 

A 

00:04:53.07 

37.75 

115.08 

A 

9 

4 . 3 

3 

8/3/66 

02:04:17.45 

37.41 

114.91 

A 

02:04:22.30 

37.38 

114.96 

A 

13 

4.7 

4 

8/3/66 

03:46:34.13 

37.61 

115. C4 

A 

03:46:38.99 

37.60 

115.10 

A 

14 

4.8 

5 

8/3/66 

07:36:41.89 

37.58 

114.86 

B 

07:38:46.71 

37.54 

114.93 

B 

13 

4.7 

6 

11/3/66 

06:20:45.73 

37.36 

114.90 

A 

06:20:50.60 

37.37 

114.95 

A 

10 

4.4  (USCS) 

7 

19/3/66 

16:59:38.53 

37.46 

114.85 

A 

16:59:43.4° 

37.43 

114.91 

A 

15 

4.8 

8 

22/3/66 

05:57:41.49 

37.60 

115.08 

b 

05:57:46. 38 

37.57 

115.15 

B 

10 

4.5 

9 

22/3/66 

08:11:33.50 

37.54 

115.00 

- 

08:11:38.36 

37.51 

115  07 

“ 

5.6 

10 

22/3/66 

08:19:30.03 

37.59 

115.20 

A 

08:19:34.91 

37.57 

115.26 

A 

12 

5.9  (7.0  Mg] 

11 

22/3/66 

11:08  : 34  . 39 

37.68 

115.02 

A 

11:08:39.29 

37.66 

115.08 

A 

15 

5.1 

12 

22/3/66 

11:37:26.01 

37.68 

115.11 

A 

11:37:30.89 

37.65 

115.19 

B 

11 

4.7 

13 

22/3/66 

12:08:00.82 

37.71 

115.09 

A 

12:08:05.80 

37.70 

115.15 

A 

12 

4.8 

14 

2 3/3/66 

17:27:58.15 

37.54 

114.98 

A 

17:28:03.03 

37.51 

115.04 

A 

14 

4.8 

15 

25/3/66 

06:33:19.23 

37.77 

115. IB 

B 

06:33:24.09 

37.74 

115.24 

B 

11 

4.5 

16 

26/3/66 

15:14:29.03 

37.78 

115.16 

A 

15:14:33.96 

37.76 

115.22 

A 

12 

4.7 

17 

26/3/66 

15:18:59.55 

37.  78 

115.27 

A 

15:19:04.43 

37.75 

115.33 

A 

12 

5.2 

18 

26/3/66 

18:14:18.25 

37.78 

115.15 

A 

18:14:23.06 

37.75 

115.21 

A 

14 

4.9 

19 

27/3/66 

20:57:15.63 

37.74 

115.14 

B 

20:57:20.44 

37.72 

115.20 

b 

12 

4.8 

20 

28/3/66 

03:26:26.59 

37.  32 

114.82 

A 

03:26:31  *e 

37.29 

114.88 

A 

13 

4.9 

21 

28/3/66 

14:03:00.58 

37.90 

115.18 

A 

14:03:05.41 

37.87 

115.25 

A 

9 

4.5 

22 

29/3/66 

06:11:56.57 

37.53 

115.00 

A 

06:12:01.44 

37.51 

115.06 

A 

14 

5.3 

23 

29/3/66 

15:44:54.72 

37.80 

115.18 

A 

15:44:59.59 

37. 7B 

115.23 

A 

14 

4.7 

24 

5/4/66 

16:29' 38.13 

37.89 

115.29 

A 

16:29:42.99 

37.86 

115.34 

A 

14 

4.8 

25 

6/4/66 

03:  i2 :1 2. 21 

37.46 

114.91 

B 

03:12:16.98 

37.43 

114.95 

B 

7 

4.9 

26 

19/4/66 

06:33:04.79 

37.66 

115.22 

A 

06:53:09.64 

37.63 

115.28 

A 

13 

4.9 

27 

20/4/66 

14:31:20.98 

37.28 

114. B7 

B 

14:31:25. B0 

37.24 

114.94 

B 

13 

4.7 

28 

25/8/66 

23:42:50.  75 

37.60 

115.20 

B 

23:42:55.50 

37.57 

115.28 

B 

7 

4.8 

29 

10/10/67 

01:07:46.86 

37.4  3 

114.78 

B 

01:07:51.95 

37.38 

114.93 

B 

12 

4.7 

30 

28/11/67 

18: 21:45.56 

37.87 

115.21 

B 

18:21:50.44 

37.84 

115.34 

B 

9 

4 . 6 

31 

2/12/67 

20:05:52.13 

37.80 

115.25 

B 

20:05:57.06 

37.78 

115.37 

A 

15 

5.3 

32 

7/1/68 

04:05:34.32 

37.54 

115.30 

B 

04:05:39.45 

37.55 

115.42 

B 

9 

4.8 

33 

15/1/68 

19:33:55.00 

37.82 

115.52 

B 

19:33:59.  i)8 

37.79 

115.62 

A 

15 

5.0 

34 

14/5/68 

19:47:00.50 

37.35 

114.93 

B 

19:47:05.44 

37.36 

115. Cl 

B 

11 

4.8 

35 

15/5/68 

00:2 / ;20.  47 

. .44 

114.85 

B 

00:27:25.31 

37.42 

114.95 

A 

10 

4.7 

All  earthquakes  relocated  usit.t  the  method  of  Joint  Epicenter  Determination 


*quallt"  rt  denotes  semi-major  axes  of  the  90Z  confidence  ellipse  less  than  10  km; 
“N  Is  the  number  of  stations  used  in  the  relocation  procedure. 

•“Magnitude  is  the  l.S.C.  determination  unless  otherwise  noted. 

Event  9 Is  the  calibration  event. 


FIGURE  CAPTIONS 


Figure  1:  Instrumentally  located  seismicity  of  China  and  surrounding 

regions,  19C4  to  February  1975.  The  data  are  from  the 
following  sources: 

1904-1952:  Seismicity  of  the  Earth,  Gutenberg  and  Richter  (1954) 

1953-1965:  Seismicity  of  the  Earth,  Rot he  (1969) 

1966-1970:  Bulletin  of  the  International  Seismic.  Cent re. 

1971-February  1975:  Hyp oc enter  Data  File  of  the  National 

Oceanic  and  Atmospheric  Administration 
Epicenters  from  the  last  two  sources  are  plotted  only  for  those 
events  with  more  than  ten  reporting  stations.  The  region  in 
the  dashed  outline  is  shown  in  Figure  2. 

Figure  2:  A.  Instrumentally  located  shallow  focus  seismicity  and  major 

tectonic  features  of  northern  China.  Earthquakes  cover 
the  period  from  1904  to  February  3975  with  the  data  sources 
listed  in  Figure  1.  For  two  clusters  of  events  only  the 
largest  events  are  shown  and  the  total  number  of  events  is 
indicated.  Earthquakes  with  published  fault  plane  solutions 
are  shown  as  darkened  circles  along  with  the  sense  of  motion. 
Physiographic  features  and  Quaternary  faulting  are  mapped 
from  LANDSAT-1  imagery.  The  boundary  of  the  North  China 
Plain  is  shown  in  light  dashes. 

B.  Historically  located  earthquakes  from  the  Chinese  Earthquake 
Catalog  (1970)  covering  the  period  1177  B.C.  to  1903  A.D. 

Figure  3:  LANDSAT-1  image  (no.  1486-02285)  of  the  region  outlined  in 

Figure  2 showing  the  fault  scarp  near  the  T'ai-Hang  Mountains 


southwest  of  Hsiig-T’al  and  its  extension  into  the  alluvium  of 
the  North  China  Plain, 


Figure  4 


Figure  5 


Figure  6 


Figure  7 : 


: A.  Historically  and  instrumentally  located  epicenters  in  the 

region  of  the  North  China  Plain  outlined  in  Figure  2.  The 
earthquake  data  cover  the  period  from  777  to  1974  with  the 
sources  listed  in  Figure  1.  Historically  located  epicenters 
(M  > 6.0)  are  plotted  as  crosses  (two  events).  The  calibration 
event  is  shown  as  a darkened  circle  in  all  maps  shown.  The 
lineation  is  taken  from  LAND SAT-1  imagery. 

B.  Selected  epicenters  from  Figure  4A  with  the  best  ISC 
locations . 

C.  JED  epicenter  locations  using  the  calibration  event  location 
given  by  the  ISC. 

D.  JED  epicenter  locations  using  the  station-corrected 
calibration  event.  Published  fault  plane  solutions  are.  from 
Molnar  et  al.  (1974). 

: ISC  magnitudes  (m^)  for  the  earthquakes  during  the  first  two 

months  of  the  .1966  earthquake  series.  The  calibration  event 
is  shown  as  a darkened  circle. 

: WWNSS  seismogram  of  the  shert  period  vertical  component  for  the 

March  7,  1966  earthquake  recorded  at  Adelaide,  South  Australia 
(A  = 75°).  The  second  arrival,  a possible  pP  phase,  occurs 
about  7.5  seconds  after  the  first  arrival. 

Calibration  event  locations  determined  by  different  methods 
and  the  standard  error  of  each  solution.  "ISC"  represents  the 


location  taken  from  the  Bulletin  of  the  ISC.  "J-B"  and  "HERRIN" 
represent  the  locations  obtained  by  using  the  ISC  arrival  times 
and  computed  using  Cornell’s  single— event  location  program  wi'n 
.J ef freys-Bullen  (1940)  tables  and  Herrin  et  al.  (1968)  tables, 
respectively.  "STATION-CORRECTED"  represents  the  location  obtained 
by  using  the  ISC  arrival  times  and  the  station  corrections 
publl shed  by  Herrin  and  Taggart  (1968)  . 

Figure  8:  A.  JED  epicenter  locations  using  the  station-corrected  calibration 

event.  Published  fault  plane  solutions  are  from  Molnar 
et  al.  (1974). 

B.  Microearthquakes  located  by  Yao  et  al.  (1974)  during  a two 
month  period  occurring  six  months  after  the  main  shocks  in  1566 

C.  Microearthquakes  located  by  Li  et  al.  (1973)  occurring  between 
1968  and  1972  and  their  composite  fault  plane  solution. 

Figure  9:  Cross-sections  parallel  (left)  and  perpendicular  (right)  to 

the  trend  of  the  1966  microaarthqualce  epicenters  of  Figure  8B. 
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APPENDIX  H 


QUATERNARY  FAULTING  IN  EASTERN  TAIWAN 
James  E.  York 

Department  of  Geological  Sciences 
Cornell  University 
Kimball  Hall 
Ithaca,  New  York  14853 

ABSTRACT 

The  Longitudinal  Valley  of  eastern  Taiwan  probably  marks  the  suture  of 
a late  Cenozoic  collision  between  an  island  arc  and  the  Asian  continent. 

At  present,  the  Longitudinal  Valley  represents  the  main  active  tectonic 
feature  of  the  boundary  between  the  Eurasian  and  Philippine  plates  in 
Taiwan.  Previously  published  instantaneous  poles  of  rotation  indicate 
that  this  boundary  in  the  Taiwan  region  is  predominantly  convergent  with 
a component  of  left-lateral  strike-slip  motion,  although  cases  of  historic 
surface  faulting  su(  est  that  the  boundary  is  mainly  strike-slip.  New 
geologic  field  work  provides  evidence  of  both  convergence  and  strike-slip 
motion  in  the  Longitudinal  Valley  during  the  Quaternary.  Some  convergence 
is  apparently  also  occurring  west  of  the  Longitudinal  Valley,  resulting 
in  uplift  of  the  Central  Range  and  Foothill- Zone; 


INTRODUCTION 


The  island  of  Taiwan,  lying  between  the  Philippine  Sea  and  mainland 
China,  is  part  of  the  seismically  active  region  near  the  ends  of  the  Ryukyu 
and  Manila  trenches  (Figure  1) . The  seismicity  of  Taiwan  is  concentrated 
in  the  eastern  part,  although  earthquakes  do  occur  throughout  the  island. 
Known  historic  surface  faulting  in  Taiwan  (Figure  2)  and  fault  plane 
solutions  near  Taiwan  (Wu,  1970)  indicate  that  the  tectonics  of  the  Taiwan 
region  is  complicated,  but  from  the  geology,  one  main  boundary  in  Taiwan 
between  the  Philippine  and  Eurasian  plates  appears  evident.  This  boundary 
Is  the  Longitudinal  Valley  (Figure  2) . One  main  plate  boundary  amid  a 
zone  of  active  faults  of  different  types  is  typical  of  other  seismically 

active  areas  also,  such  as  California. 


Because  the  Longitudinal  Valley  separates  two  geologically  different 
mountain  ranges,  one  of  which  has  volcanic  island  arc  affinities,  it  probably 
represents  the  suture  of  an  island  arc-continent  collision  (Biq,  1972). 


The  age  of  this  collision  is  late  Cenozoic.  Earthquakes  extending  to  depths 

of  100  km  beneath  Taiwan  (Katsumata  and  Sykes,  1969)  probably  result 

from  subduction  associated  with  the  closing  of  the  oceanic  basin  which  probably 

once  existed  between  the  two  mountain  ranges.  From  studying  large  earthquakes 

elsewhere  along  the  Philippine-Eurasian  plate  boundary  to  determine  the  pole  and 
rate  of  relative  rotation.  Fitch  (1972)  concluded  that  this  boundary  In  Taiwan  Is 

predominantly  convergent.  His  conclusion  is  in  accordance  with  the 

hypothesis  that  the  collision  is  still  occurring.  However,  surface 

faulting  in  1951  (Hsu,  1962)  showed  predominantly  left-lateral  strike-slip 

faulting.  To  help  resolve  the  problem  of  the  relative  importance  of 

strike-slip  versus  convergent  motion,  new  geologic  field  work  was  undertaken 


in  1974. 


Solving  this  problem  includes  the  determination  of  the  type  and 
age  of  activity  of  major  faults  in  and  along  the  Longitudinal  Valley.  Such 
a study  is  important  for  evaluating  seismic  risk  (Allen,  1975),  as  well  as 
for  studying  the  process  of  an  island  arc-continent  collision  (Dewey  and 
Bird,  1970).  Besides  additional,  evidence  for  the  strike-slip  fault  running 
through  the  valley,  evidence  for  Quaternary  thrusting  in  the 
southern  part  of  the  valley  along  a fault  that  may  represent  the  main 
surface  expression  of  a subduction  zone  was  found. 

GEOLOGY  OF  TAIWAN 

The  geology  of  Taiwan  has  recently  been  reviewed  by  Ho  (1967),  and 
only  a brief  summary  will  be  given  here.  The  island  is  separated  from 
mainland  China  by  the  shallow  (less  than  100  m depth)  Taiwan  Straits. 

Taiwan  consists  of  four  main  geologic  provinces  (Figure  2).  The  Coastal 
Range  consists  of  Miocene  andesites  (Tuluanshan  Formation),  Miocene-Pliocene 

flysch  (Chimei  and  Takangkou  Formations),  a Plio-Pleistocene  melange  (Lichi 
Formation)  that  contains  exotic  blocks  interpreted  as  fragments  of  oceanic 

lithosphere,  and  a Plio-Ple„istocene  conglomerate  (Pinanshan  conglomerate) 
with  clasts  from  the  Central  Range.  These  rock  units  differ  considerably 
from  most  of  the  other  rock  units  in  Taiwan.  The  andesites  and  melange 
probably  represent  island  arc  volcanics  and  trench  deposits,  respectively. 
Eastward  dipping  thrust  faults  within  the  Coastal  Range  and  the  sharp 
boundary  between  the  Coastal  and  Central  Ranges  together  with  the  presence 
of  the  andesites  and  melange  suggest  that  an  oceanic  basin  once  existed 
between  the  two  ranges  and  that  this  basin  was  consumed  in  a subduction 
zone  dipping  eastward  beneath  the  Coastal  Range.  Plate  tectonic  models 
with  such  an  interpretation  have  been  presented  by  Biq  (1972),  Chai 
(1972),  and  Karig  (1973),  although  alternative  interpretations,  with  a 
subduction  zone  dipping  westward  beneath  the  Coastal  Range,  have  been 


glvcn  by  Jahn  (1972)  and  Murphy  (1973).  A gravity  profile  across  Taiwan 
supports  the  concept  of  an  eastward  dipping  subductlon  tone  (Lu  and  Hu, 

1974).  Intermediate  depth  earthquakes  occur  beneath  Taiwan  (Katsumata  and 
Sykes,  1969;  M.T.  Hsu,  1971)  hut  do  not  define  a clear  direction  of  dip, 
perhaps  because  subductlon  Is  presently  occurring  over  a wide  zone. 

The  Central  Range  contains  a schist  belt  overlain  by  Paleogene 
slates  and  quartzites.  The  schist  belt  contains  greenschist,  marble,  black 
schist,  siliceous  schist,  and  migmatite.  Deformed  fossils  in  the  schists 
gives  a Permo-Triassic  age  (Yen,  1954).  Two  K/Ar  dates  on  mica  give  ages  of 
33  and  86  million  years  (Yen  and  Rosenblum,  1963), but  the  ages  may  be 
affected  by  subsequent  thermal  events.  The  topography  of  the  Central 
Range  is  rugged  and  steep,  despite  the  high  rainfall  and  abundance  of 
weak  schists  and  slates.  The  topography  probably  indicates  rapid 
Plio-Pleistocene  and  Recent  uplift. 

The  Foothill  zone  consists  mainly  of  Miocene  sandstones  and  shales 
and  Plio-Pleistocene  conglomerites.  The  conglomerates,  which  are  made 
of  clasts  from  the  Central  Range,  probably  record  the  rapid  uplift  of  that 
range.  These  conglomerates  are  both  overlain  and  underthrust  by  the 
Quaternary  sediments  of  the  Coastal  Plain. 

LONGITUDINAL  VALLEY 

The  linearity,  narrowness,  and  low  elevation  of  the  Longitudinal 
Valley  make  it  prominent  on  satellite  imagery  (Figure  3).  In  addition  to 
this  peculiar  morphology,  the  Longitudinal  Valley  has  exceptional  thicknesses 
of  alluvium.  Thicknesses  of  about  2 km  have  been  measured  by  seismic 
refraction  along  the  western  side  of  the  valley  (Tsai  et  al.,  1974) . 

Alluvium  in  the  center  may  well  be  thicker.  Along  most  of  the  valley, 


1 ’ ' ' ' — rr  ' 


alluvium  separates  the  Central  and  Coastal  Ranges  by  a few  kilometers. 

Spectacular  bare  alluvial  fans  are  visible  pn  the  satellite  imagery 
(Figure  3),  as  well  as  on  aerial  photography  (Figure  5). 

At  a few  localities,  possible  contacts  between  the  two  ranges  have 
been  described.  Yen  (1965)  described  a locality  near  Juisui  (Figure  4) 
where  rocks  of  the  Central  Range  overthrust  young  sediments,  but  these 
sediments  show  no  clear  resemblance  to  rocks  of  the  Coastal  Range.  Hsu 
(1956)  reported  an  outcrop  or  possibly  a large  boulder  of  schist  near 
Fuli  (Figure  4)  within  a few  meters  of  exposures  of  rocks  of  the  Coastal 
Range,  but  the  contact  relation  could  not  be  determined.  Only  in  the 
southernmost  part  of  the  valley  do  the  alluvial  deposits  narrow  sufficiently 
for  geologic  contacts  to  be  exposed  and  traceable  across  the  alluvium 
(Figure  6) . 

Quaternary  Fault  Movements 

The  seismicity  (Figure  1)  suggests  that  eastern  Taiwan  is  the  most 
tectonically  active  part  of  Taiwan.  Left-lateral  strike-slip  faulting 
(Figure  2 and  FI  and  F2  in  Figure  4)  in  the  Longitudinal  Valley  occurred 
during  two  earthquakes  in  1951  (Hsu,  1962).  The  one  reported  measured  strike-slip 
displacement  was  1.63  m (Hsu,  1962).  In  addition  to  strike— slip  faulting, 
a smaller  component  of  vertical  faulting,  with  the  east  side  moving  up 
relative  to  the  west  side,  was  observed  at  some  localities  in  1951.  The  exposed 
fault  planes  were  nearly  vertical.  Re-triangulation  showed  average  left- 
lateral  movement  of  3.65  m across  the  northern  part  of  the  Longitudinal 
Valley  between  surveys  in  1971  and  1909-1942  (Chen,  1974) . Hsu  (1962) 
also  described  a linear  scarp  near  Chihshang  (F3  in  Figure  4)  with  water 
ponded  on  the  west  side.  This  scarp,  preserved  at  a drainage  divide, 
probably  represents  Quaternary  faulting.  The  high  seismicity,  surface 


faulting,  and  linearity  of  the  Longitudinal  Valley  are  evidence  for 
a continuoue  major  strike-slip  fault  running  through  the  valley  (Allen, 

1962). 

To  complement  the  field  work,  aerial  photographs  were  examined  during 
this  study.  In  the  northern  third  of  the  Coastal  Range  and  a few  kilometers 
east  of  the  Longitudinal  Valley,  another  strike-slip  fault  appears  on 
air  photos  (Figure  5 and  F4  in  Figure  4).  The  main  river  in  this  section 
of  the  Longitudinal  Valley  flows  northward,  yet  many  westward  flowing 
tributaries  are  offset  to  the  south  (as  viewed  from  upstream) . Such 
offsets  are  suggestive  of  Quaternary  left-lateral  strike-slip  movement. 

The  linear  trace  of  the  fault  across  the  varying  topography  indicates 
that  the  fault  plane  is  nearly  vertical.  Although  no  historic  movement 
on  this  fault  has  been  documented,  it  probably  Is  part  of  an  active  system 
of  strike-slip  faulting  in  eastern  Taiwan. 

In  addition  to  strike-slip  faulting,  evidence  of  Quaternary  thrust 
faulting  was  found  during  this  study  in  the  southern  part  of  the  Longitudinal 
Valley.  There  a Plio-Pleistocene  unit,  the  Pinanshan  conglomerate,  is  exposed 

between  the  slates  of  the  Central  Range  and  the  melange  unit,  the  Lichi  Formation, 

. 

of  the  Coastal  Range  (Figure  6) . The  contact  between  the  conglomerate 
and  the  melange  is  a thrust  fault  that  is  well  exposed  in  river  cliffs. 

I 

At  one  locality  this  thrust  fault  cuts  across  a serpentine  i ck  in  the 
melange.  At  another  locality,  the  thrust  fault  offsets  flat-lying 
alluvial  deposits  that  are  probably  Quaternary  in  age  (Figure  7 and  F5 
in  Figure  4).  Because  this  fault  separates  two  widely  different  rock  units, 
a conglomerate  with  clasts  derived  from  the  Central  Range  and  a melange 

1 

probably  from  an  oceanic  trench,  and  because  the  fault  offsets 
Quaternary  alluvial  deposits,  it  appears  to  be  a major  fault  that  has  been 
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accommodating  some  of  the  convergent  motion  between  the  Philippine  and 
Eurasian  plates  during  the  Quaternary. 

West  of  the  Pinanshan  conglomerate  another  major  fault  (F6  in 
Figure  4)  separates  the  conglomerate  from  the  slates  of  the  Central 
Range.  A fault  zone  about  100  m wide  is  exposed  at  one  locality,  but 
no  conclusive  evidence  to  determine  the  sense  of  motion  on  the  fault 
was  found.  This  fault  is  probably  a continuation  of  the  left-lateral 
strike-slip  fault  which  moved  during  1951  farther  north,  because  field 
work  and  aerial  photograph  investigations  limit  a continuous  major 
strike-slip  fault  to  this  locality.  At  least  several  kilometers  of 
movement  has  probably  occurred  on  this  fault  since  deposition  of 
the  Plio-Pleistocene  Pinanshan  conglomerate,  because  the  source  for 
the  clasts  in  the  Pinanshan  conglomerate  is  not  the  same  source  which 
is  depositing  gravels  presently.  Besides  quartzites  and  schists,  the 
Pinanshan  conglomerate  contains  marble,  which  is  absent  both  from 
terrace  gravels  unconformably  overlying  the  Pinanshan  conglomerate 
and  from  Central  Range  rocks  immediately  to  the  west.  Also,  the 
younger  terrace  gravels  contain  predominantly  slate,  which  is  virtually 
absent  from  the  older  conglomerate.  Thus  there  appear  to  be  two 
major  faults  in  the  southern  part  of  the  Longitudinal  Valley  (Figure  6). 

CONCLUSIONS 

The  Longitudinal  Valley,  remarkably  linear  and  averaging  about  4 km 
in  width,  is  the  major  tectonic  feature  in  eastern  Taiwan.  Yet  alluvial 
fill  and  rapid  erosion  prevents  unambiguous  interpretations  of  the  kind 
of  faulting  along  the  valley  for  most  of  its  length.  For  example, 
the  1951  surface  faulting  occurred  in  the  alluvium,  and  evidence  for 
these  breaks  had  been  obliterated  by  1974,  because  of  the  very  active 
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erosional  processes  during  the  typhoon  season.  Along  most  of  the  valley 
the  only  evidence  for  Quaternary  tectonic  activity  found  during  this 
study  was  dissected  terrace  gravels  that  have  been  steeply  tilted  at  three 
localities  (near  Hualien,  Juisui,  and  Luyeh,  Figure  4)  and  five  small  hills 
of  younger  alluvium  that  have  been  tilted  and  dissected  at  the  western  side 
of  the  Coastal  Range  a few  kilometers  southwest  of  Tungli  (Figure  4).  Less 
intense  erosion  in  western  Taiwan  probably  accounts  for  the  better  preservation 
of  evidence  for  Quaternary  faulting  there.  Thus  more  Quarternary  faults 

are  found  there  than  in  eastern  Taiwan  (Bonilla,  1975),  although  the  seismicity 

\ 

(Figure  1)  indicates  that  eastern  Taiwan  is  more  active  tectonically. 

Only  in  the  southernmost  part  of  the  valley  were  fault  zones  between 
major  rock  units  seen.  The  thrust  of  the  Lichi  melange  of  the  Coastal 
Range  over  the  Pinanshan  conglomerate,  derived  from  the  Central  Range,  and 
Quaternary  alluvial  deposits  may  represent  the  boundary  of  the  island 
arc-continent  collision.  Although  no  historic  earthquakes  can  definitely 
be  attributed  to  this  thrust,  its  Quaternary  activity  suggests  that  it 
may  be  a potentially  active  fault  (Allen,  1975).  The  zone  of  collision  is 
not  simple,  however,  and  certainly  strike-slip  faulting  has  been  occurring 
also.  The  existence  of  a thrust  fault  and  a probable  strike-slip  fault, 
both  possibly  active,  spaced  only  a few  kilometers  apart  (Figure  6)  raises 
interesting  questions  about  how  they  were  generated,  how  continued  activity 
might  affect  the  morphology  of  the  Longitudinal  Valley,  what  happens  at 
depth,  and  what  happens  farther  north  in  the  valley.  At  present,  any 
answers  to  these  questions  are  mainly  speculative,  and  hence  only 
possibilities  are  suggested  here. 


Fitch  (1972)  has  proposed  a simple  model  that  accommodates  oblique 
subduction  by  two  faults,  a thrust  and  a vertical  strike-slip  fault, 
instead  of  one  dipping  fault  with  oblique  motion.  If  such  a model  is 
applicable  to  Taiwan,  the  generation  of  both  types  of  faults  may  be 
explained.  Whether  continued  thrusting  will  decrease  the  width  and 
increase  the  elevation  of  the  longitudinal  Valley  or  not  largely  depends 
on  the  rate  of  erosional  processes.  Small  incremental  movements  of 
the  Coastal  Range  westward  relative  to  the  Central  Range  can  easily  be 
compensated  for  by  erosion,  thereby  keeping  the  width  of  the  valley 
nearly  constant.  However,  in  the  southern  part  of  the  valley  the  surface 
trace  of  the  thrust  is  in  some  places  west  of  the  main  river  running 
south  through  this  part  of  the  valley  (Figure  6),  and  thus  there  the 
valley  might  be  closing.  Answers  regarding  what  happens  to  the  faults 
at  depth  and  what  type  of  rocks  exist  between  the  faults  at  depth  must 
depend  on  further  detailed  geophysical  work  on  land,  some  of  which  is  in 
progress  (C.P.  Lu,  personal  communication,  1975),  as  well  as  further  work 
on  the  nearby  marine  geology.  No  exposures  of  either  the  thrust  fault 
or  the  strike  slip  fault  were  found  north  of  the  area  in  Figure  6;  thus 
their  true  extent  is  still  an  oper  question. 

Not  all  of  the  convergent  motion  in  Taiwan  between  the  Philippine  and 
Eurasian  plates  has  been  taking  place  in  tke  Longitudinal  Valley.  The 
geology  and  seismicity  of  the  Central  Range  plus  the  fault  plane  solution 
by  Wu  (1970)  suggest- that  thrusting  is  also  occurring  there.  The  geologic 
evidence  supports  eastward  dipping  thrusts  there,  although  right-lateral 
strike-slip  faulting,  nearly  conjugate  to  the  left-lateral  faulting  in 
the  Longitudinal  Valley,  has  also  occurred  near  the  Central  Range  during 
historic  earthquakes  (Figure  2).  Subsequent  crustal  thickening  and 
isostatic  uplift  may  be  responsible  for  the  high  topography  of  the  Central  Range 
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Figure 


Seismicity  o£  the  Taiwan  region,  1961-1972.  Circles  represent 
hypocenters  less  than  70  to  deep;  squares,  70-300  ta  deep. 
Epicenters  redrawn  from  Tsai  at  al.  (1973).  Trench  depths  in  to.. 

Geologic  provinces  of  Taiwan  (from  E'",  1974).  Also  shown  are 
known  cases  of  historic  surface  fa./  .g  (data  from  Chang  et  al., 
1947,  Richter,  1938;  Hsu,  T.I.,  1962).  Elevations  of  highest 
peaks  in  Central  and  Coastal  Ranges  in  meters. 

Mosaic  of  Landsat-I  Imagery  of  Taiwan.  Imagery  of  MSS  hand  5, 
taken  1 November  1972. 

Longitudinal  Valley,  Coastal  Range,  and  part  of  Central  Range. 
Fault  localities  are  referenced  in  teat.  Contours  at  400, 

1000,  2000  and  3000  m. 

Vertical  aerial  photograph  of  a fault  (arrows)  showing  left- 
lateral  stream  offsets  in  the  northern  part  of  the  Coastal 
Range.  A part  of  the  Longitudinal  Valley  is  in  the  western 
talf  of  the  photograph;  some  hills  of  the  Central  Range  are 
visible  along  parts  of  the  western  edge  of  the  photograph. 
Fenglin  (Figure  4)  is  in  the  southwestern  quarter  of  the 

photograph. 

Geologic  map  of  the  southern  portion  of  the  Longitudinal 
Valley.  Qal  - alluvium,  FQp  - Pinanshan  Conglomerate, 

PQ1-  Lichi  Formation,  MPs  - Chimei  Formation,  Ml  - limestone. 


Mt  - Tuluanshan  Formation,  Eo  - slate  and  quartzite.  See 
text  and  T.  L.  Hsu  (1956)  for  descriptions  of  rock  units. 

The  contacts  between  Eo  and  PQp  and  between  PQp  and  PQ1  are 
faults,  dashed  where  approximate  and  dotted  where  concealed. 
Elevations  are  in  meters. 


Figure  7:  Thrust  fault  (arrows)  separating  Lichi  Formation  (hanging 

wall)  from  Pinanshan  conglomerate  and  overlying  alluvial 
deposits  (footwall).  Distance  from  top  to  bottom  is  about 
5 meters . 
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